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Abstract 
A review is given of the relevant l i terature on creep of composites, 
including a presentation of existing models for the steady-state creep of 
composites containing aligned discontinuous fibres where creep of the ma 
trix and fibres is assumed to follow a power law. A model is suggested 
for predicting the composite creep law from a matrix creep law given in a 
general form, in the case where the fibres do not creep. The composite 
creep law predicted by this model is compared with those predicted by pre-
vious models, when these are extended to comprise a general matrix creep 
law. Experimentally, pure copper and composites consisting ofaligned 
discontinuous tungsten fibres in a copper matrix were creep tested at a 
temperature of 500°C. The results indicate a relatively low stres;: sensi-
tivity of the steady-state c reep-ra te for pure copper and a relatively high 
s t r e s s sensitivity for the composites. This may be explained by the creep 
models based upon a general matrix creep law. A quantitative prediction 
shows promising agreement with the present experimental results. 
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1. INTRODUCTION 
Two-phase materials a re generally intended for high-temperature s t ruc-
tural applications, and a basic understanding of their creep properties is 
thus of great practical as well as fundamental interest . The present work 
deals with the uniaxial steady-state creep of composites containing discon-
tinuous fibres aligned in the loading direction. The primary aim has been 
to elucidate the relation between creep properties of the composite, creep 
properties of the components, and structural parameters including fibre 
content, fibre length and fibre spacing. 
At the time that this study was started Kelly and Tyson (1 966) had in-
vestigated the creep of silver containing discontinuous tungsten fibres under 
conditions where the creep of the fibres could be neglected, while Kelly and 
Street (I 972a) had studied the creep of lead containing discontinuous creeping 
phosphor bronze fibres. 
Several models (Mileiko 1 970 ; McLean 1 972 ; and Kelly and Street 
1 972b) had also been put forward. These models led to essentially identical 
predictions of the composite creep strength (Lilholt 1 972 );but their agree-
ment with experiments was not completely satisfactory. It therefore ap-
peared that in order to extend the understanding of creep of fibre composites, 
refinement of theory was needed as well as more experimental data. 
This dissertation contains a general description of the creep properties 
of crystalline solids (section 2), followed by an outline of the relevant 
studies of the creep of fibre composites (section 3). The present theoretical 
(section 4) and experimental (sections 5 and 6) investigation of the creep of 
fibre composites is then described and discussed (section 7). Most of the 
present work has been published elsewhere (Bøcker Pedersen 1 974a; 1 974b; 
1 975 ; and Bilde-Sørensen, Bøcker Pedersen, and Lilholt I 975 ). 
2. GENERAL ASPECTS OF CREEP 
In a conventional creep test of a solid a constant uniaxial s t ress / lead 
is applied and deformation along the s t r e s s axis is recorded as a function of 
time at constant temperature. The resulting time-deformation curve, which 
is traditionally called the creep curve, depends mainly upon s t ress and tem-
perature. In the region of high-temperature creep, i. e. at temperatures 
_5 
and s t r e s ses exceeding approximately 0. 4 T and 10 ' G, respectively, the 
creep curve for polycrystalline solids normally displays three regions: the 
primary region characterized by a time-dependent s t ra in-ra te , the second-
ary region characterized by a constant s t ra in-ra te , and the tertiary region 
- t) -
characterized by an increasing s t ra in-ra te and terminated by rupture. 
The study of creep of fibre composites is in this report confined 
to the secondary region, which is traditionally caLled the steady-state 
region. 
2. 1. Creep Law of Crystalline Solids 
The uniaxial applied s t ress as a function of the resulting creep-ra te in 
the steady-state region, 
o= f (e ) . (1) 
is often referred to as the creep law. A large number of creep data (Sherby 
and Burke 1967; Bird, Mukherjee, and Dorn 1969; Ashby 1972) indicate 
that the creep law for pure crystalline solids can be fairly generally r e -
presented by a diagram of the type shown in fig. 1. 
» f » p » 0 • l O " c m , 
, ( J 0 l O 6 T m 
" t o xMMtl 
100 0 0 0 
«, CUBE* STRfSS. t * » W j mm 
Fig. 1. Influence of stress on the diffusion-compensated steady state creep 
rate for a typical pure polycrystalllne metal, it is believed that range I is 
due to a diffusional creep process whereas range II is controlled by dis-
location climb involving an equilibrium vacancy concentration. Range HI 
involves dislocation climb creep under conditions where the vacancy con-
centration is greater than the thermal equilibrium number (Sherby and 
Burke, I 967). 
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In this diagram the diffusion-compensated steady-state creep-rate , 
i / D , is used, since the steady-state creep-ra te is normally proportional 
to the diffusion coefficient 
D = DQ exp ( - E y ° ) . (2) 
The diagram therefore also indicates the effect of temperature, T, ard 
hydrostatic s t ress , P , on évia the effect of these parameters on self-diffusion. 
The hydrostatic te rm, 
exp (- -pjr) , 
which agrees reasonably well with experiments at relatively high hydrostatic 
pressure (McCormick and Ruoff 1970), is usually close to unity and hence 
fairly insignificant. It may be mentioned, however, that recent work 
(Needham, and Greenwood 1975) has indicated that the decrease 
of c caused by a relatively low hydrostatic pressure is too large to be 
attributed solely to the effect of pressure on diffusion. 
Fig. 1 represents the typical s t ress dependence of the steady-state 
creep-rate, but there are exceptions to the rule. Ardell and Sherby (I 967) 
found that the s t ress sensitivity, dlogc/dlogo, of aipha zirconium 
decreases as the applied s t r e s s is increased. Similar behaviour is found 
for polycrystalline Fe^O, at low s t resses , but experiments over a wide-
range of s t ress show that the logt-logo curve for Fe2Oo is in fact "S" 
shaped (Crouch 1972 .and Pascoe 1974) and that the highest s t ress sensi-
tives occur at high s t r e s ses . Hay and Pascoe (1 974) recently described the 
creep of Fe 2 0„ at low s t resses by a model involving interdependent defor-
mation mechanisms. Mathematically, their model bears some resemblance 
to the simple theory for creep of composites containing continuous fibre« 
(Mc Danels, Signorelli, and Weeton 1 967 , and Street 1 971 ). 
2. 2. Creep in Shear Under Multiaxial Stress 
Equation 1 is a tensile relation, in the sense that it relates the tensile 
s t ress to the tensile creep-rate. However, the matrix in a creeping fibre 
composite is expected to deform primarily in shear parallel to the fibres, In 
the present study it is therefore necessary to be able to convert eq.I into a shear 
- 8 -
relation, i. e. a relation between a shear s t ress and the corresponding 
shear creep-rate. Furthermore, the s t ress system in a creeping composite 
cannot be expected to be a simple uniaxial s t ress . It is therefore also im-
portant to understand the creep behaviour of solids subjected to multiaxial 
s t ress . These questions will be considered for a plastic continuum in the 
present section. 
2. 2 . 1 . Multiaxial State of Stress 
In order to describe the steady-state creep behaviour of a solid sub-
jected to multiaxial s t ress a relation which is more general than the creep 
law for uniaxial s t ress is needed. This relation should involve the s t r e s s 
tensor, a.., and the creep-rate tensor, i--, referred to a set of cartesian 
axes, 0-x.. Odquist (1 966) has derived such a relation for an incompressible 
and plastically isotropic continuum which obeys a power law 
0 = a o<r , 1 / R = f p ( i ) - (3) 
o 
when it is subjected to uniaxial s t ress . Odquist further made the hypotheses 
that the principal axes of a.. and c . ; are coincident and that £ .. is not 
influenced by a hydrostatic s t ress . His equation is 
„ o n - ? s.. 
s
«T§Mr> T 1 - «i 
J
 o o 
where s.. is the s t ress deviator, 
s. = a.. -
 v b.. o. , , IJ ij 3 13 kk ' 
b.. is the Kronec'ter symbol, 
b.. 
1 if i = j 
I 
0 if if i 
and 0 is the effective s t ress e ' 
„
2 3 
0
 = n S.. S.. 
e 7 s i j 8 i j 
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In these expressions summation over the values 1, 2 and 3 is implied 
with respect to any index occurring twice in the same term. 
It is convenient to introduce the two sets of reference axes shown in 
p 
fig. 2. The 0-x. axes a re the principal ( P ) axes of the s t r e s s tensor. 
Referred to these axes the s t ress tensor takes the form 
i j 
Oj 0 0 
0 o 2 0 | , 
0 0 a. 
(5) 
where the diagonal elements are the principal s t r e s ses . 
Fig. 2. The s tress tensor referred to the principal axes , 0-x . The axes . 
0 -x i , are rotated through 45° about the 0-x^ ax i s , winch is directed out 
of the plane of the paper. 
The second set of axes, 0-x, , is rotated (R) through 45° about the 
0-x. axis. The s t r e s s tensor, aiit referred to these axes can be obtained 
• p i j 
from a. using the general transformation rule for tensors (see e. g. 
Jeffreys 1 963) 
1J a ik a j l °kl 
10 
with 
a = 
0 
12 
Carrying out the transformation one obtains 
° *
 = ( ° ^ ° 2 + 0 3 ^ 0 3 - ° 2 ) | • < 6 > 
0 i < a 3 " a2>^°2 + a^ 
In the following text an "R" or a " p " attached to a tensor is meant to 
R P 
indicate that the tensor is referred to 0-x. or 0-x. , respectively. 
I shall now consider a special nvultiaxial s t r e s s system, and as an 
illustrative and simple case I shall take the system for which a = o = 
o ( o = o. . The matr ices (5) and (6) can in this case be written 
° T 0 0 
o P = 
1J 
'T 
V \o 
0 
°T 
0 
0 
0 
°L 
and c*= ^0 1 ( V V 1 < V ° T ) 
k0
 W-°T>i<W' 
According to eq. 4 this s t r ess system causes a pure extension of the 
solid described by the matrices 
7 i 0 <K ' £ 0 0 
-\t 0 J and if. - [ 0 \i \i 
3- 1 . 
- 1 1 -
where 
o. - o— n 
o 
In a composite containing non-creeping aligned fibres the t ransverse 
contraction of the creeping matrix will be resis ted by the fibres, which 
exert a t ransverse s t r e s s on the matrix in addition to the longitudinal s t r e s s . 
The s t r e s s system in the composite is therefore of the type considered in 
this section. Eq. 7 i l lustrates the effect of the t ransverse s t r e s s , by 
showing that the quantity causing the deformation is o - <L rather than 
just o . . An uniimitedly high value of o is therefore in principle possible, 
at a given c , provided it is off-set by an appropriate value of o T . 
2. 2, 2. Shear Relations 
In order to obtain a shear relation corresponding to the special situation 
considered in section 2. 2 . 1 . , I shall look at the s t r e s s - and creep-ra te 
o P 
resolved along planes at 45 to the 0-x„ axis, i. e. resolved along, say R 0-x„ . The shear c reep-ra te component is given by 
Y . R 3 • 
7 " e 32 = T e 
and the shear s t r ess by 
T
 " °32 ' FL" V 
In combination with eq. 7 these equations give the shear relation 
2
" " °o[TTj " fP (tY ) ' (8) 
As a special case eq. 8 applies to the maximum shear values in the 
ordinary tensile c reep test (where « T = 0). 
Kelly and Street (J 972b), in their model for creep of fibre composites, 
use eq.8 as the shear relation. McLean (1972), however, refers to the 
slightly different relation 
Y ' / n i • 
2-« - °o<Tr" ) s fp<7v )- <9> 
- 12 -
Equation 9 would apply if there was no transverse contraction in, for 
p 
instance, the 0-x. direction. Although this situation is not included in 
eq. 4, which represents the isotropic case, it is , of course, a possibility 
for anisotropic materials. 
Shear relations for s t ress systems other than the one corresponding to 
the normal tensile creep test can also be derived. An example is 
v l /n C 
'
3 T
 = 0 O ( T T H = fp<T3->' ( , 0 ) 
o 
which is obtained from eq. 4 by inserting the s t r e s s tensor for pure 
shear (i. e. o = 0 and -o = o = t ) and proceeding along the lines which, 
for pure extension, led to eq. 8. 
The shear relations given by eqs. 8-10 do not differ greatly and in the 
following I shall consistently use eq. 8 as the shear relation for a power 
creep law, f_, even when presenting creep models which do not involve 
eq. 8 in their original form. I shall furthermore use the relation 
2T = f ( | y ) (11) 
as the shear relation for a creep law, f, which may be any continuous function. 
Equation 1 1 applies for the maximum shear values in a tensile creep test 
of an isotropic incompressible material in which the steady-state creep 
rate is uninfluenced by a superimposed hydrostatic s t r e s s . 
3. REVIEW OF PREVIOUS WORK 
There has been some interest in the creep properties of composites 
containing aligned continuous or discontinuous fibres. A review of the 
early literature is given by Kelly (1 971) while Lilholt (1 972) has reviewed 
the more recent studies of the steady-state creep of composites containing 
discontinuous fibres (deSilva 1968 ; Mileiko 1970 ; Kelly and Street 1972a 
and b ; and McLean 1 972 ). 
In the li terature it is often assumed that the creep properties of one 
component are uninfluenced by the presence of the other component. In 
metallic composites this assumption can be expected to be valid when the 
fibre spacing, A , exceeds roughly 10 urn, but at smaller fibre spacing« 
there is experimental evidence suggesting that the fibres and matrix modify 
the mechanical properties of one another; 
- 13 -
Measurements >f the s t r e s s - s t r a in curves of composites containing 
continuous fibres (Cheskis and Hsckel 1 968 ; Stuhrke 1 968 ; Kelly and 
Lilholt 1 969 ; and Garmong and Shepard 1 971 ) demonstrate that very high 
longitudinal tensile s t resses exist in the matrix at s trains where the matrix 
is plastic but the fibres are still elastic. The fact that the matrix s t resses 
decrease when the fibres yield suggests that they arise as a result of t rans-
verse s t resses generated by a difference in the t ransverse contraction of 
fibres and matrix (Kelly and Lilholt ] 969 ). In this interpretation the high 
matrix s t resses are of course not due to a modification of the matrix creep 
properties as such; but rather to the change of behaviour associated with 
the occurrence of multiaxial s t r e s se s . However, the high matrix . t resses 
could also be due to a genuine strain-hardening of the matrix. Lilho.t (1 973) 
discussed the influence of fibre spacing on the basis of geometrically necess-
ary dislocations (Ashby 1 971 ). He showed that the role played by the fibre 
spacing in a composite hag some similarity to the role played bythe grain size 
in a polycrystal. Kelly (1 971 a; 1 971 b; 1 972a; and 1 973a) discussed the r e -
lationship between dispersion strengthening and fibre reinforcement. Finely 
spaced fibres, A ->* 1 0 »im, should strengthen the matrix in a way similar to 
that known from dispersion strengthening. 
The following subsections give a brief description of the l i terature r e -
levant to the present work . In this l i terature it is assumed that the creep 
properties of one component a re not modified by the presence of the othe* 
component. The creep theories a re presented in a slightly simplified form, 
since the emphasis is on physical ideas rather than mathematical detail. 
3 .1 . Kelly and Tyson 
Kelly and Tyson (1 966) consider theoretically the distribution of 
longitudinal tensile s t r e s s , o,(z), in a discontinuous non-creeping fibre in a 
creeping composite. The s t ress is transferred to the fibre by the interface 
shear s t r e s s , T ., according to the general s t r ess balance 
do 4 T. 
ST " ' " T ' ( , 2 ) 
When the load is applied to the composite, Kelly and Tyson suppose 
that the matrix in the vicinity of the fibre ends is strained beyond its yield 
strain. At the fibre ends T therefore equals the yield s t ress corresponding 
to the high s t ra in- ra te following the application of the load. The cor re -
sponding e f-distribution is represented by curve a in fig. 3, 
- 14 -
Fig. 3. Schematic variation of tensile s t ress with distance along a fibrt 
of length 1 (Kelly and Tyson, I 966). 
Kelly and Tyson ignore the tensile load carried by the matrix, and 
express the creep strength by 
o = V a 
c v f f (13) 
whore the average tensile stress in the fibre, a., is defined as 
i/2 
o,dz (14) 
During the initial part of the creep test the interface shear stress will 
gradually decrease by stress relaxation. This replaces the initial distri-
bution (curve a) by a succession of distributions, represented by curve a , 
which must all satisfy eq. 1 3 with a constant value for • . When steady-
state creep finally prevails Kelly and Street expect the distribution to look 
like the approximately linear curve b. The slope of this curve, according 
to eq. 1 2, represents the smallest value of t. consistent with eq. 13. In 
order to maintain this distribution the matrix must creep in shear parallel 
to the fibre. 
By introducing a constant value of T into eqs. I 2, 13 and 14, and 
ignoring the end stress on the fibre, Kelly and Tyson find that 
"c * W (15) 
Equation 1 5 predicts that the creep strength should vary roughly pro-
portionally with the fibre aspect ratio and the fibre volume fraction, in 
essential agreement with later more refined analyses. However, since eq. 1 5 
does not explicitly involve é c , it is , of course, net a complete description 
of the steady-state creep of the composite. 
- 15 
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Fig . 4 . Variat ion of minimum creep r a t e with s t r e s s on a composi te com 
pared with the rate of c r e e p of the mat r ix (Kelly ana Tyson, 1966). 
Experimentally, Kelly and Tyson investigated the creep of silver con-
taining 40 vol.%tungsten fibres of aspect ratios 30 or 60 and diameter 200 *m. 
The composites were fabricated by liquid infiltration and creep tested in air 
at 400°C, 500°C and 600°C under constant loads sufficiently small that 
negligible creep occurred in the fibres. Creep data were also obtained for 
pure silver. The creep curves for the composites displayed well-developed 
regions of steady-state creep. Fig. 4 shows some of the results . 
Kelly and Tyson found that the creep strength increased with increasing 
values of the fibre aspect ratio, in qualitative agreement with eq. 1 5; but 
the variation of o with p observed in the experiments is less than expected 
on the basis of eq. 1 5. They finally observe that: "At any one temperature 
there is a transition which occurs with increasing s t r e s s , from a region of 
small s t r ess dependence where the creep-ra te varies as about the third 
power of the applied s t r e s s , to a region of very much higher s t r ess depen-
dence". 
i 3. 2. Mileiko 
I 
I The simple version of Mileiko's (1 970) model is a combination of unit 
i elements consisting of two rigid plates attached to a slab of matrix, as 
shown in fig. 5a. The simplest combination of unit elements is obtained for 
symmetrical overlap ( i .e . 1' s L /2 , see fig. 5b). 
- 16 -
A\,„„,„>A,Mu <r' . 
U-t_J ?L+(<l-0* 
(a) (b) 
Fig. 5. The creep model by Miieiko (1970). 
The elongation of the model composite occurs by simple shear of the 
matrix slabs. As illustrated by fig. 5b this causes holes to open up at the 
ends of the plates. Similar holes a re associated with the flow patterns in 
the models by Kelly and Street (1 972b) and McLean (I 972). Miieiko does not 
consider this to be important. 
Miieiko calculates the rate of relative displacement, v , of the plates 
on the basis of the unit element shown in fig. 5a. However, this element 
experiences a net torque. It is therefore not in static equilibrium, and 
hence it cannot represent the construction shown in fig. 5b. I shall replace 
it by the modified element shown in fig. 6, in which the symbols a re altered 
so as to conform to the notation used in the present text. 
l ' s l / 2 
Fig. 6. Modified plate-like unit element. 
The modified element represents the construction and is in static 
equilibrium when 
t l to . 06) 
17 -
Mileiko assumes that the matrix creeps according to a power law and 
by introducing eq. 8 into eq. 1 6, the rate ol relative displacement of ad-
jacent plates can be written 
3 - , 2 t a " 
* - W J T T 2 ) • C?) o o o 
The rate of elongation of the model composite (see fig. 5b) is 
expressed approximately as 
i c - £ - (18) 
In Mileiko's terminology the plates a re referred to as "fibres". The 
fibre volume fraction is defined as 
v f = W ( , 9> 
and the fibre aspect ratio as 
P = j . (20) 
The tensile load supported by the matrix is taken to be negligible and the 
composite creep strength defined as 
«c = Vf c . (21) 
Combination of eqs, 17-21 yields 
o 
with 
c - ' < f ) ' / n < V f ) , / n 
 7 * 3 ' { 1 - Vf} 
Mileiko extends his model to include hexagonally distributed fibres of 
hexagonal cross-sect ion, and he allows the overlap, 1', to have a random 
distribution between 1' = 0 and 1' = 1. The difference between the strength 
predicted for random overlap and for symmetric overlap is a factor of 
roughly 2 " ' n . Mileiko also discusses the situation in which the fibre 
load is sufficiently great to produce fibre creep or fibre rupture. 
- 18 -
3.3 . Kelly and Street 
The model by Kelly and Street (1972 b) refers to the general situation 
illustrated by fig. 7, where creep occurs in both fibres and matrix, and 
sliding takes place at the fibre/matrix interface. 
matrix 
fibre 
Fig. 7. Section of composite parallel to fibre axis showing the displace-
ments during a time interval of a point in the matrix at a distance h (rom 
the interface 6u , a point at the interface 6u.; and a point in the fibre t>u, 
m i l 
(Kelly and Street 1 972b). 
I shall first present Kelly ard Street 's analysis of the case of non-
creeping fibres and perfect interface bond. Then I sha'l describe how 
Kelly and Street extend their model to the situation in which the fibres 
experience creep. 
In both cases Kelly and Street assume that the matrix is sheared at 
the rate of 
6 u m - 6 u . 
h&t 
m 
u i (23) 
This equation involves holes at the fibre ends. However, Kelly and 
Street are especially concerned with the situation far from the fibre ends, 
and hence they do not consider this question. 
When the fibres do not creep, i. e. &uf = 0, and there is no interface 
sliding, i. e. 6u = 0, then the rate of displacement relative to the fibre 
of a point in the matrix adjacent to the interface is zero 
b \x. + &u 
"i = &t S = ° - <24> 
The rate of displacement relative to the fibre of a point in the matrix 
at a distance h from the interface is 
m 
e c z - (25) 
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Keily and St ree t se t h equal to half the minimum spacing between the 
su r f aces of f ibres a r r a n g e d in a hexagonal pa t te rn 
h = od (26) 
where 
_ 1 r , 2V3 - 1 / 2 -, 
a - ^ L ( — V f> ' ' J 
and by combining eqs . 23 - 26 they obtain 
* . (27) 
ad 
*c 
Kelly and S t ree t a s s u m e that the mat r ix c r e e p s according to a power 
law. Taking eq. 8 as the shea r re la t ion and using eq. 27, they obtain the 
in te r face shear s t r e s s 
2 ! / n • 1 /n . i 1 /n 
T i = 7 < £ T > O o < ^ > ( ^ • <28> 
F o r higher values of n the in ter face shear s t r e s s i s , according to 
eq. 28, s een to be approximately independent of z. Equation 28 is t h e r e -
fore in e s sen t i a l ag reemen t with the models by Kelly and Tyson (1 9G6) and 
Mileiko (1 970) that both involve a constant *.. 
The dis tr ibut ion of longitudinal t ens i l e s t r e s s in the fibre i s found by 
combining eqs. 1 2 and 28 and in tegra t ing with r e spec t to z, under the a s -
sumption that a = 0 at z = 1/2, the r e s u l t is 
°f " HTT 133" <£>/n ^ " " [ ^ " - ^ " i 
The ave rage tens i le s t r e s s in the f ibre, o . , is found by introducing 
eq. 29 into eq. J 4 
i ' / n i ' / n 1 + 1 / n 
91' inVr <*r> % <i? p (30) 
Kelly and St ree t define the compos i te c reep s t rength as 
°„
 s
 V - « , + V * (31) 
c f f m m v ' 
20 
with 
o yt 
o 
> / ' 
f p ( e c ) 
A contribution from the ma t r i x is seen to be included via the addit ive 
t e r m V a . This t e r m , however, i s found by n u m e r i c a l ca lcula t ions 
' m m 
(Bilde-Sørensen, Bøcker P e d e r s e n and Lilholt 1975) to cont r ibute l e s s than 
20% when p V f ^ 4. When p is not too s m a l l the t e r m can t h e r e f o r e be ignored 
and the composi te c r e e p s t r eng th be wri t ten 
c 1/n 1+1 /n 
a = c V.c (— ) p 
c f o ' c ' 
o 
(32) 
with 
c = 
n 
Tn+7 & 
l / n 
In o rder to account for the si tuation in which the fibres themse lves 
exper ience c r eep , Kelly and Street a s s u m e the model shown in fig. 8 
<f=«n 
«f=0 
\ 
t*f 
\ 
I 
I 
I 
10 
0 
x/d 
////•///////////////////. 
tw 
model 
Y true 
*«d I/Id 
Tig. 8. The fibre creep rate distribution over a fibre length, for the 
model (Kelly and Street, 1 972b). 
In the cen t ra l port ion of the f ibre , | z | ( z Kelly and S t r ee t take the fibre i 
c r e e p r a t e and the m a t r i x c r e e p r a t e to bfc equal, *« = e Near the f ibre ends 
m 
I z | > z c , they a s s u m e that the f ibre does not c r e e p , i f - 0 . In this way 
they neglect the c r e e p r a t e t r ans i en t s in the reg ions n e a r the points w h e r e 
| z | = zc> If the f ibre s t r e s s sensi t iv i ty i s high, such a t r a n s i e n t would 
be very s teep , and Kelly and S t ree t therefore expect the approximat ion to 
be a good one. 
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On the bas i s of this model the s h e a r s t r a i n r a t e of the m a t r i x i s , a c -
cording to eqs. 23 and 24, ze ro for j z | ( z . The in t e r f ace s h e a r s t r e s ? is 
t i ierefore a lso ze ro and following the p r o c e d u r e for the c a s e of non-c reep ing 
fibres Kelly and St ree t obtain the fibre s t r e s s d is t r ibut ion 
2n . 2 . 
af = n T r ( 3 V 
In t 1 / n r - l - z 
' i c \ i ? 
n+1 
- z 
*—T 
n+l 
"c . n 
J 
zn 
n+1 
2 1 / n c n 1 / n 1-z 
. c . ' . Cv n (
-HT} É Z 
(33) 
The d is t r ibut ions for | z | ) z a r e the s a m e as in the c a s e of non-
creeping f ibres (eq. 29) except that they now or ig ina te at | z | = z r a t h e r 
than at z = 0. The p a r a m e t e r , z i s de termined by the c r e e p s t r eng th of 
the f ibres and the c r eep r a t e , £ ,, of the composi te . 
«T 
x 1(T 
&'-
;/d=50 
composites 
4 
i 
3 
~Pb matrix (« = 14) 
)S Vd=W 
i t — i f c — * Ét> *V) 5t>o 
<T/MN m * 
Fig, 9. Stress dependence of the minimum creep rate for unreinforced Fb 
and discontinuous phosphor bronze wire reinforced Pb, ii, double logarithmic 
coordinates. Also shown are data for Pb after Betty (1935) (A), and after 
McKeown (I 931) (O) (Kellv and Street 1 972a). 
Exper imenta l ly , Kelly and S t ree t (1 972a) invest igated the c r e e p of lead 
containing nominally 40 vol% phosphor bronze f ibres of a spec t r a t io s 50 or 
100 and d i ame te r 450 >»m. The compos i tes were fabr ica ted by vacuum 
infil tration and c r e e p tes ted in a i r under constant load at 2 0 J C . C r e e p data 
were a l so obtained for pu re lead. The c reen c u r v e s fur th*» r-r>mn>.<tit<>u 
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generally displayed well-developed steady-state regions. Fig. 9 shows the 
measured steady-state (minimum) creep rates versus the applied s t r e s s . 
Kelly and Street approximate the matrix data by a power law with 
exponent n = 14. The effect of increasing the fibre aspect ratio from 50 
to 100 is very small . This is, on the basis of Kelly and Street ' s model, 
explained by creep of the fibres. 
3.4. McLean 
McLean (1972) proposes a model s imilar to those of Mileiko (1970) and 
Kelly and Street (1 972b). His model refers to the situation where there is 
neither creep in the fibres nor sliding at the f ibre/matrix interface. The 
main point in his analysis is the assumption that the ra te of work done on 
the composite is equal to the rate of strain energy dissipation in the matr ix . 
He expresses this as 
o £ = T i V , (34) 
c c m ' * ' 
where f and V are the average shear values parallel to the plates. From 
a geometrical argument he finds that 
* - i 1 Y c c Ts • 
This equation refers to a flow pattern which involves holes at the plate 
ends. In an attempt to account for this, McLean assumes a doubling of V 
and obtains 
* - « c £ . (35) 
Finally McLean assumes that the matrix creeps according to a power 
law. To facilitate a comparison with previous treatments I take eq. 8 to 
be the shear relation 
* = R< r> n - (36) 
o 
Combination of eqs. I , 20, 34, 35 and 36 yields 
I I /n 1+1/n a
c
s c V 0 ( r > p <37> 
o 
with 
,
 2 J /n V . » / n 
m 
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; McLean emphasizes the fact that the interface shear s t r e s s , for higher 
values of n, is found to be approximately constant. In the presentation of 
Kelly and Tyson's ideas (section 2.1) this was seen to correspond to a 
, nearly linear o f-distribution in the fibre, according to eq. 1 2. McLean 
points out that an equation s imilar to eq. 1 2 must also apply for the matrix, 
so that a nearly linear o,- dis tribution can be expected in the matr ix , too. 
He shows that this leads to the situation where fibres/ plates and matrix 
contribute approximately equally to the total load supported by the com-
posite. The high matr ix s t r e s ses required in this situation a re possible 
: without excessive creep-rates in the matrix, because the t ransverse con-
straint of the non-creeping fibres generates a t ransverse tensile s t r e s s 
which partially balances the longitudinal s t r ess (see for example eq. 7). 
On this basis, it can be understood that eqs. 13, 21, and 31 a re not 
physically satisfactory, since they underestimate or even ignore the con-
tribution to o from the matr ix. By working in te rms of energy, McLean 
avoids discussing the s t r e s s system in the matr ix. In so doing, he obtains 
a physically more correct analysis, although it leads to a result which is 
essentially identical to that of previous analyses. 
3. 5. Discussion 
' The preceding slightly simplified presentation of the models by Mileiko 
(1970). Kelly and Street. (1972b). and McLean (1972), shows that the creep 
; strength predicted by these models on the basis of a power law can in all 
i cases be expressed as 
1
 • 1/n 1+1/n 
% ° c s c V f ° o ^ p 
I when the f ibres/plates a re non-creeping and the interface cohesion is 
\ perfect. 
This relation can also be obtained by rearrangement of the original 
expressions. Fig. 1 0 shows the original creep strength coefficients, c 
(called o. in the figure). All the creep strength coefficients a r e seen to be 
nearly independent of n when n ~ 6. The variation of c with Vf is also seen 
to be insignificant in the range of V. between ~ 0. 2 and ~ 0 . 7, which is the 
range of practical interest . It is therefore reasonable in all cases simply 
to substitute c by a constant. 
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: ; H % o« o : - o ~>c 
CIBRE YOIUME FRACTION V, 
Fig. JO. The creep strength coefficients, o.. Index i refers to each curve 
as indicated (I, McLean, 2, present model, 3, Kelly and Street, 4, Mileiko). 
Kelly and Street's coefficient has been computed for P •• 50 (dashed curve) 
and p • co (solid curve) (Becker Pedersen 1 974a). 
When considering this agreement between the predictions of o one 
should bear in mind that there are strong similari t ies between the creep 
models. All the models a re single element models. In other words, the 
unit element of composite material selected for analysis consists of a 
single fibre/plate and an adjacent region of matr ix mater ia l . This is a 
reasonable first choice; but whether it provides a true representation of the 
(•nmp'>sitr behaviour can perhaps be answered only through experiments. 
A more serious simplification in the models appears to be that they a r e 
based on a power law for creep of the matrix. The matrix power law leads 
to a power law for the composite as a whole, and this prediction is not in 
agreement with for instance the experiments by Kelly and Tyson (1 966). 
4. THEORY 
As it appears from the discussion of the creep law of crystalline solids 
(section 2), one cannot expect a constant s t r e s s sensitivity (i. e. a power 
> 2 2 
law) over a range of e/D greater than that between roughly 10 cm" and 9 -2 10 cm (see fig. 1). Furthermore, the experiments by Kelly and Tyson 
(1 966) clearly indicate a composite s t ress sensitivity that increases with 
the applied s t r e s s . It is therefore important to avoid the assumption of a 
power law for creep of the matrix when formulating a model for the steady-
state creep of composites containing discontinuous aligned fibres. Bilde-
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Sørensen , B ø c k e r P e d e r s e n and Lilhol t (1 975) in t h e i r exp lo ra to ry s tudy of 
the influence of the m a t r i x c r e e p law on the c r e e p law of the compos i t e 
showed tha t the m o d e l s by Kelly and S t r ee t (1 972b) and M c L e a n (1 972) could 
be evaluated on the b a s i s of m o r e g e n e r a l m a t r i x c r e e p laws than the s i m p l e 
power law. However , these mode l s a r e based upon s i m p l e a s s u m p t i o n s 
r e g a r d i n g the a v e r a g e s h e a r s t r a i n r a t e in the m a t r i x . The p r e s e n t mode l , 
which does not u s e t h e s e a s s u m p t i o n s , i s d e r i v e d from fundamental p r i n -
c ip les and involves a g e n e r a l m a t r i x c r e e p law. 
4. 1. Equ i l i b r ium Condit ions 
The bas ic p r inc ip l e from which the p r e s e n t a n a l y s i s i s d e r i v e d i s that 
the va r i a t ions of the components of the s t r e s s t e n s o r m u s t sat isfy the con-
dit ions for s t a t i c equ i l i b r ium. In t he axia l ly s y m m e t r i c c a s e t h e s e con-
dit ions a r e e x p r e s s e d by the s e t >i n o n - t r i v i a l equat ions of equ i l ib r ium 
(see e. g. T imoshenko and Goodier (I 951)) 
r z z r 
(38) 
do 
r 
3r 
do 
r z = 0 (39) 
do do o 
r z z
 + r z 
d r dz r 
0 . (40) 
in which the s t r e s s components a r e defined in fig. 11 
Fig. 11. Components of the stress tensor referred to cylindrical polar 
coordinates (from Kelly and Groves, 1970). 
By in t eg ra t ing eq. 40 with r e s p e c t to r ' be tween d / 2 and r , I obtain 
r 
2 r o r z ( r ) - d o r z ( d / 2 ) + 2 j 
d0z 
r ' ,—r d r ' = 0 . 
• z 
(41) 
d/2 
- 26 -
Equation 41 is the basis for the simple analysis described in appendix 
II, where the integral term is neglected. In commenting upon this analysis, 
Kelly (I 973b) notes that it is not exact, since t ransverse s t r e sses in the 
matrix are neglected. In a later analysis (Bøcker Pedersen 1974a ) the 
transverse s t resses are included via the assumption that the composite 
load is equally divided between the components (McLean I 972 ). 
These early s t r e s s analyses both involve a power law for creep of the 
matrix, and they essentially confirm the predictions of previous power law 
models (Bøcker Pedersen 1974a and b ). 
4. 2. Creep Model 
The present model involves a general matrix creep law and i t refers 
to the case in which there is no creep in the fibres and no sliding at the 
fibre/matrix interface. I imagine the composite to consist of a set of 
parallel identical unit elements randomly distributed in a matrix which 
creeps under uniaxial s t r e s s . The unit element, shown in fig.T 2, consists 
of a fibre embedded in a concentric matrix cylinder, in which the t ransverse 
s t ress will be seen to be localized. Like previous models, the present model 
is therefore a single element model. It also bears some resemblance to 
the three-component model by Kelly and Lilholt (1 969), in the sense that 
both models involve a division of the matrix into two regions. 
r-.dll V////////M<//iW/,<> 
rsD/2 
r=D/2 
z = - l /2 z=0 z =1/2 
Fig. 12. Unit element and cylindrical polar coordinates. 
It can be seen from eq. 4) that the shear s t r e s s , o (r. z) decreases 
rz 
as r increases, because of the inverse r-dependence and the subtraction 
of the (positive) integral te rm. One can therefore expect a more 
rapid fall-off of afZ than that corresponding to the inverse r-dependence. 
Following this I select the following boundary conditions (BC) on the 
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inner and outer diameters of the unit element 
u = 0 at r = d/2 
z ' 
u - t z at r = D/2 
z c ' 
o = 0 at r = D/2 
rz ' 
BCt 
BC2 
BC3 
I shall assume the matrix cylinder to deform in simple shear, thus 
approximating the shear strain-rate parallel to the fibre, 
by 
r z 
r z 
d Ci <*u 
z + r 
a • T - » — 
»r »z 
»u 
(42 
This approximation involves holes opening up at the fibre ends. How-
ever, except when considering the situation close to a fibre end, this appears 
to me to be a minor point. 
Two important relations may be derived from the prescribed boundary 
conditions. The first refers to the strain-rate system and is obtained by 
integration of the approximate Y expression, eq. 42, under the boundary 
conditions BC1 and BC2. This relation is 
D/2 
V = J V<r- Z) dr 
d/2 
(43) 
The second relation, which refers to the stress system, is obtained by 
integration of the equilibrium equations under the prescribed boundary con-
dition: 
Integration of eq. 40 under BC3 with respect to r between d/2 and D/2 
gives 
D/2 
dT . • » / 
do 
r j - ^ d r 
d/2 
with 
•„<«»/2) 
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Subsequent integration with respect to z ' between 0 and z gives the 
load, P, ,(z) , supported by the matrix cylinder 
z D/2
 d ( j 2. 
P M ( Z ) " P M ( 0 ) = j J 2 * r TT d r d z ' = / « d V Z ' <44> 
0 d/2 ° 
Similarly, the load supported by the fibre is given by 
Pp(z) - P F ( 4 > = i * d x . d z ' (45) 
z 
and the load supported by the unit element is 
P = P + P (46) 
Equation 44 represents the integration indicated by McLean (1 972) in 
his discussion of the distribution of load between fibres/plates and matrix. 
McLean concludes that for high s t ress exponents in the matrix power creep 
law the two components contribute approximately equally" to the composite 
load (equipartition of load). In order to arr ive at this conclusion he has to 
make two assumptions, which in essence a re expressed as 
P (0) = 0 BC4 
M 
and 
1, 
F P r (7) = 0 . BC5 
1 shall assume these to be additional boundary conditions. It may be 
seen from eqs. 44 and 45 that the average values of P M and P F along the 
unit element a re identical if t. is independent of z. In other words, for 
high stress sensitivities the present model tends to involve equipartition of 
load between the fibres and the matrix cylinders. The large tensile s t r e sses 
associated with this situation require the existence of t ransverse s t r e s se s 
in the matrix cylinders. 
The second important relation involves the composite creep strength, 
defined as 
°c = °UEVUE+ (1 - V U l W ' <47> 
where the average tensile s t r e s s , OjjE* 8 U PP o r t e d by t n * unit element is 
given as 
i9 -
P I E 
i " 
and the volume fraction of unit elements as 
V l £ - V V £ ) \ (49) 
Since the matr ix embedding the unit elements extends under uniaxial 
s t r e s s , it contributes negligibly to o so that a good approximation is 
obtained by 
° c = 5 U E V U E - ( 5 0 ) 
Combination of eqs. 44-46, BC4, BC5 and 48-50 gives 
4 V 
a = _ j - i j T.(z)dz, (51) 
.1/2 
c 
1 ° 
I which is the second important relation. 
I 
4. 3. Composite Creep Law 
= By using the intermediate value theorem it is possible to express 
eqs. 43 and 51 in a form s imi lar to that of the two equations from which 
Bilde-Sørensen, Bøcker Pedersen and Lilholt (1 975) extend the applicability 
i of McLean's model to a general matrix creep law (BBL, eqs. 2 and 5). A 
I similar evaluation is therefore possible for the present model, as will be 
I shown. 
I The intermediate value theorem states for any function g(:;) which is 
• continuous in an interval a * x * b that at Least one value, c, of x exists 
'I such that 
b 
J g(x)dx -- (b - a) g(c) 
a 
and 
a * c * b . 
The functions T-(z) and Y ( r , z ) are of course continuous, so the 
theorem may be applied to eqs. 43 and 51 . Equation 51 can therefore be 
written as 
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1 f , . r e t . /-0v 
° c = 7 - d - T i ( z >• (>~} 
where 
o *
 z
ref
 - 4 . 
T*€*f 
Similarly, by inserting the reference value z = z into eq. 43 and 
applying the intermediate value theorem, one finds 
ref D-d • , ref ref. 
c z 
"c ~T "rz 
where 
d/2 * r r e f * D/2 . 
Equations 52 and 53 may be recast as 
• , rei rei . /-o> 
2 t n f = 2 T . ( z r e f , - * (54) 
1
 p V f 
and 
I*'""! *„«/*. , ' " , . i , ! . , (55) 
where 
, ref Y (d/2, z r e f ) 4 z r z ' ' ' ' 
* T "^ : ref ref 
and 
s * D-d . 
The value of z depends upon the function T (Z) which is likely to 
depend upon the matrix creep law, f, the fibre aspect ratio, f> , and the 
• ref * 
composite creep rate, c . The same applies to r and Y , so the 
quantity * may depend upon these parameters. 
X*€?f * I'ftf 
The reference shear values, T and Y , are corresponding shear 
values in the same point (d/2, z ). Consequently, they are related 
through eq. 11, the general shear relation. Combination of eqs. 11, 54 and 
55 gives the composite creep law in the form \ 
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pTJ = f ( « c s * » - (56) 
Equation 56 contains the unknown quantity, * . Th i s d isadvantage 
may perhaps be regarded a s the cos t of the genera l i ty of the r e s u l t , in the 
following sect ion it will be seen that the previous m o d e l s , extended to 
comprise a matrix creep law which is m o r e g e n e r a l than the power law, 
tend to involve a constant value for • . 
; The equation a l so contains the p a r a m e t e r , s , which i s not de t e rmined 
; by the analys is . Such a d i sadvan tage i s a lso inhe ren t in for in s t ance the 
1 model by Kelly and Street (1972b), which r e l i e s upon an essen t i a l ly a r b i -
J trarily se lected value of s . An appropriate value of s i s roughly indicated 
i 
{ by the velocity profi les obtained by the s t r e s s ana ly s i s desc r ibed in appendix i 
i II. Judging from the profi les I would expect s to be of the o r d e r of d, o r 
I 
* probably l e s s , in agreement with the value adopted by Kelly and S t ree t . 
i 
| 4 . 4 . Discuss ion 
| In order to make poss ib le a comparison between the express ions pre-
II dieted by the various models for the composite creep law, it i s necessary to evaluate the previous models , which are or ig inal ly based upon a power I law, on the bas is of a more general matrix c r e e p law. B i lde -Sørensen , 
Bøcker Pedersen and Lilholt (1 975) evaluate the mode l by McLean (1 972) on 
the bas is of a general matrix creep law. BBL omi t the doubling of V in-
cluded in the original model , and obtain (BBL, eq. 8) 
f c . « • I K ,-.,> 
TTV^ TJVs ~ f , , c s f <:,7> 
Lilholt (1 975) has pointed out to m e that t h e m o d e l by Mileiko(1 970) m a y b e 
extended along the s a m e l ines as the model by McLean . F o r the s i m p l e 
version presented in this report the result i s 
2
 V- o 2 a . . 
i c . c _ -.• 1 1 . ,-,,, 
rrT{T^TJs - VJ - " f(ec I 7] (jf,) 
Equations 57 and 58 are , except for a factor of two, ident ica l , and they 
both involve a constant value of • 
* - 1/3 (Mileiko and McLean) (59) 
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It should be remembered, however, that, strictly speaking, the models by 
Mileiko (in the version presented in this report) and McLean refer to plate 
composites, although the extension to fibres may appear straight-forward. 
The model by Kelly and Street (1 972b) refers to a fibre composite. 
BBL investigate this model for the case in which there is no creep 
in the fibres and no sliding at the interface. They evaluate the model on 
the basis of a matrix creep law, fpF, which is either a power law (P) or 
an exponential law (E) and find the composite creep law (BBL, eq. 21 ) 
^ -
 f P E ^ c I ^ i ) <60> 
with 
s = 2 a d, 
where 
a - \ [ ( 4^
 Vf) - , ] . 
The argument of f p p is seen to be of the same form as the argument 
of f in eq. 56, with 
2 
* " Sfé (Kelly and Street) (61) 
BBL discuss the implications of eqs. 57 and 60 on the basis of the 
tog ° c versus log e£ curve. Equation 60, for instance, leads to the 
logarithmic expressions (BBL, eqs. 22 and 23) 
logo c = l o g c M + l o g ( ^ p V f ) (62) 
log éc = l o g c M + l o g ( Y —Y") • (6 3) 
These expressions show that in a logo versus loge diagram the com-
posite curve (i. e. log a versus log« ) is obtained by displacing each point 
• 1 
of the matrix curve (i. e. log o versus log e .J by log (n-PV,) along the 
logo-axis and by log (j—$--) along the loge-axis. This operation reproduce! 
the shape of the matrix curve in the composite curve, since the displace-
ment vector is the same for all points along the matrix curve. 
The more general eq, 56 leads to the logarithmic expressions 
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logo = log oM + log(pV f) (64) 
s 1 logc c = log e M + l o g ( r T ) (65) 
According to eqs. 64 and G4 the composite curve may also be generated 
by a displacement of the points of the matrix curve. However, in this case 
the s t ra in- ra te component, 
log ( Y -j) 
of the displacement vector may vary with £ . It is therefore possible that 
the shape of the composite curve could differ from the shape of the matrix 
i curve; but numerical calculations (Bilde-Sørensen I 975) indicate that for 
! high s t ress-sensi t ivi t ies * is a slow function of k , so that the change | c 
i of shape would be ins igni f icant . 
| BBJL point out that eqs . 57 and 60 sugges t a s y s t e m a t i c method of 
| handling compos i t e c r e e p da te by us ing gene ra l i zed d i a g r a m s . On tfie b a s i s 
1 of,for ins tance , eq. 60, such a d i a g r a m i s obtained by plotting log Cfn——) å 2o ^Veo 
I v e r s u s log (—»7—). This should produce a m a s t e r c u r v e r e p r e s e n t i n g both 
I compos i te and m a t r i x c r e e p data . 
t 
5. EXPERIMENTAL METHODS 
The c o p p e r - t u n g s t e n model s y s t e m was chosen because i t s p r o p e r t i e s 
include a good i n t e r f a c e cohesion, negl igible mutua l solubi l i ty of f ib res and 
m a t r i x , and a l a r g e d i f ference between the c r e e p s t r eng th of f ibres and 
m a t r i x . The s t e a d y - s t a t e c r e e p of copper containing discont inuous tungsten 
f ibres can t h e r e f o r e be expected to be d e s c r i b e d by the theory p r e s e n t e d in 
the foregoing s e c t i o n . P ' u r t h e r m o r e , ex tens ive data on the c r e e p p r o p e r t i e s 
of tungsten ( H a r r i s and El l i son 1966 ; Dean 1 967 ; Burwood-Smi th 1 970) 
;ind copper (Orlova and Cadek 1970; Pahutova , Cadek and Hys 1971 ; 
Needham, Wheailey and Greenwood 1975) e x i s t in the l i t e r a t u r e . 
5 . 1 . Specimen P r e p a r a t i o n 
Cold d rawn tungs ten w i r e of d i a m e t e r 500 ,*m was obtained from 
Pviullard L t d . , and 99. 999% pure copper was supplied by Johnson, Mat they 
and Co. 
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Composite rods uf diameter 3mm were made by liquid infiltration of 
the copper around tungsten wires. Before infiltration the tungsten wire 
was (.leaned by boiling in a solution of N'aOH for
 n hr, washed in water and 
acetone and dried, in order to promote a good interface cohesion in the 
composite. Infiltration was carried out at a temperature of 1 I 50 C under 
a vacuum better than 1 O"3 tor r . The copper matrix was solidified at a 
rate of approximately 10 c m / h r , yielding a single crystal matrix. 
Composites containing continuous fibres of diameter 1 00 urn were madt 
by infiltration of fibre bundles which were wound tin the wire winding 
machine described by Lilholt (I 968). 
Composites containing discontinuous fibres of diameter 500 n m were 
made by infiltration of fibre bundles prepared as follows: the tungsten wire 
was notched at intervals where it could be easily broken. The distance 
between the notches was equal to the fibre length. Continuous lengths of 
the notched wire were then arranged in bundles, held together by copper 
wire. Bending of the entire bundle would usually break the wires at most 
of the notches giving a bundle of discontinuous fibres. 
Specimens of copper were prepared using the same procedure as for 
the composite, only omitting the fibres. This method yielded single c r y s t a l 
Specimens for creep testing were made by soldering steel balls to the 
ends of the rods. Soldering was carried out under a vacuum better than 
10" torr at a temperature of 1000 C, using a N'ieobraz 10 solder. The 
distance between the steel balls (i. e. the gauge length, L) was either 45 
or 1 00 mm. 
3. 2. Testing 
Uniaxial constant load creep tests were performed in air at 500 C 
using a 13:1 ratio lever type creep machine. 
The steel balls joined to the ends of the specimen were held in the 
grips of the creep machine and thr extension was measured by connectine 
the steel balls to a differential transformer via extensometer rods. The 
relative displacement of the rods was magnified 100 or 200 times and was 
continuously recorded. The extension, measured in this way, includes a 
contribution from shear at the steel balls. However, the contribution was 
found to be negligible in the creep tests of composites containing discon-
tinuous fibres. 
The temperature, measured with a thermocouple in contact with the 
specimen, was held constant within - 1°C. The variation along the specimen 
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was less than - 1 C for L = 45 mm and less than - 5°C for L - 1 00 mm. 
There were no indications of oxidation of the fibres even after I _'5") hrs . 
* A thin layer of CuO, which tended to crack off (oxide/metal volume ratio = 
1.8), was formed on the surface of the composites during the creep test, 
but this was not expected to influence the creep behaviour significantly.. 
The composites were examined after the creep tests by dissolution o: 
the matrix in a solution of HNU«. 
6. EXPERIMENTAL RESULTS 
i The present experiments were made to supplement the few experimental 
data available to test the predictions of the theory presented m jectior. 4. 
j Creep curves were therefore measured at 500 c for pure copper and for 
i composites of copper containing 28 vol.0« tungsten fibres of nominal aspen' 
J 
1 ratio p = 25 or o = "0 . Expeiimcnts on a few composites with nom nom 
continuous fibres were also conducted in order to look for possible grip 
shear. 1 
j 
6 .1 . Pure Copper 
i i-
1 The creep curves for pure copper at oOO C did not -show sreadv-state 
4 
* creep, but in the range of 100 - 1000 hrs the variation >A the c reep- ra t e 
I was normally found to be within half a decade. The applied s t r esses and 
| the bounds of t in the range of 100 - 1000 hours for pure copper a t e ^iven 
I in table I and plotted in fig. 1 3 . 
1 Table 1 
Creep of pure copper 
Specimen 
Ml 
iM2 
M3 
M4 
a 
(T = 500°C, 
/MNm"2 
9.8 
14.7 
19.6 
11.8 
L = 45 mm) 
* / • » • ' 
1-3 x10" 4 
1-4 x I 0 " 4 
1-2 x 10"3 
2-4 x JO"5 
The experimental scat ter in the present data for copper may a n s e 
from a number of sources . The resul ts obtained by Orlova and (Jadek (! !>70) 
for creep at 471 C of copper single crystals indicate that difference« in the 
crvstallographic orientation of the single crystals can cause a variation of 
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Table 2 
Creep of copper containing 28 vol. % discontinuous tungsten fibres 
of diameter 500 am (T * 500°C) 
Specimen o/MNm -2 • , . . -1 c/h t0/h V h V* "nom V™» 
CI 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
CIO 
CI 1 
1 
2i 
i i 
3 
4 
5i 
i i 
i i i 
6 
7 
8 
9 
10 
i i i 
i i 
i i i 
121 
i i 
13i 
i i 
14 
15 
16i 
i i 
17i 
i i 
18 
I9 i 
122.6 
78.5 
103.0 
103.0 
122.6 
137.3 
147.2 
157.0 
127.5 
196.2 
196.2 
186.4 
206.0 
147.2 
157.0 
176.6 
166.8 
196.2 
147.2 
166.8 
157.0 
250.2 
166.8 
196.2 
166.8 
176.6 
176.6 
147.2 
l . 2 i 10"* 
I . 9 x l 0 " 5 
2 . 0 i ' 0~4 
2. Ox 10" 5 
2. 8 x 10" 5 
1. 4 x 1 0" 4 
2. 2 x 10~4 
4.4 x 10"4 
-
-
5.6 x l O " 5 
4.1 xiO'4 
4.2 x l O " 4 
< 1 . 0 x l 0 " 6 
1-2 x l O " 6 
5 - 8 x 1 0 " 6 
< 2 . 0 x 1 0 ~ 6 
2.0 x I 0 " 5 
3.5 x l O " 6 
7 . 5 x 1 0 " * 
7.5 x l O " 6 
-
6.0 x l O * 6 
4.5 x l O " 5 
4.2 x l O " 6 
6.5 x l O ' 6 
1.5 x l O " 8 
7.0 x 10" 7 
-
-
-
-
-
6 
7 
11 
-
-
-
5 
6 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
12 
5 
31 
15 
50 
-
-
-
-
-
13 
-
-
570 
380 
210 
1183 
500 
100 
20 
300 
-
24 
55 
36 
190 
70 
70 
24 
20 
42 
73 
94 
-
-
-
-
-
49 
-
-
683 
478 
370 
1255 
745 
110 
97 
530 
-
50 
68 
110 
330 
550 
330 
25 
70 
70 
45 
45 
100 
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c which is roughly half a decade. At the small loads required there might 
also be a contribution from friction in the creep machine. However, as 
seen in fig. 1 3 , the present results a r e in fair agreement with those of 
Pahutova, Cadek and Rys (1 972) and Needham Wheatley and Greenwood 
(1 !J75) for creep at 500 C of pure polycrystalline copper. 
6. 2. Composites 
The creep curves obtained for the composites containing discontinuous 
fibres generally displayed well-developed regions of s teady-state creep. 
A few curves showed only an inversion point. When s teady-state creep had 
been observed for a time sufficiently long to give a reliable value of t , 
the load was often increased and further measurements of é were made on 
the same specimen. The results are given in table 2. 
Some creep tes ts were made on composites containing continuous fibres. 
These test were all terminated when the composites pulled out of one of the 
steel balls attached to the ends. The measured strain is therefore likely to 
include a substantial fraction due to grip shear. The apparent creep^rates 
obtained in these tests are given in table 3. 
Fig. 1 3 shows a double-logarithmic plot of some of the o and £ values 
given in tables 1, 2 and 3. The diagram clearly demonstrates the increase 
of creep strength gained by introducing the fibres. It is seen that the com-
posite creep strength increases as p increases from 25 to 70. and the 
nom ' 
composites containing continuous fibres a re seen to be stronger than those 
containing discontinuous fibres. These observations a re in qualitative 
agreement with theoretical predictions. The apparent effect of increasing 
the gauge length from 45 to 100 mm (compare the resul ts for C4-C7 and 
C8-C1 1 in fig. 1 1) will be discussed in the following section. 
Table 3 
Apparent c reep of copper containing continuous tungsten 
fibres of diameter tOOutn (T = 500°C, L = 45 mm) 
s , : _ _ j _ 
Specimen V, j / M N m £ / h 
K1 0.20 245.3 4 . 9 x 1 0 " 5 
K2 0.30 284.5 4 . 8 x 1 0 " 5 
K3 0.35 255. i 4 . 6 X 1 0 " 6 
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The points referring to the composites with continuous fibres represent 
the maximum possible contribution from grip shear. It can be seen that 
this contribution may be ignored in the case of composites with discon-
tinuous fibres. This is further supported by the fact »hat the composites \vi-: 
discontinuous fibres all failed within the gauge length. 
The creep data for the composites with discv>ntinuous fibres exhibit 
considerable scatter. This can generally be expected from measurements 
of composite creep properties (see for instance the discussion by Kelly and 
Street 1 972a ). In the present experiments the small number of fibres per 
•u) 
O 
c 
5 
w 
"3> 
10 20 40 60 80 100 
applied stress d/MNm-2 
200 
Fig. 13, Experimental data for creep at 500°C of pure copper and copper 
containing tungsten fibres (see tables 1 -4): o , specimens Ml -M4; • , data 
after Needham, Wheatley and Greenwood (1 975); error bars, data after 
Pahutova, Cadek and Rys (1972);A, specimens CI -C3; X , specimens 
C4-C7; • , specimens C8-C11; 0 , specimens K1-K3. 
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cross section, approximately ten, is responsible for part of the scat ter . 
A significant additional source of sca t ter was found by inspection of 
the fibres in some of the crept composites after matrix dissolution. It was 
seen that a few of the fibres were st i l l unbroken at some of the notches. 
Table 4 gives for each specimen the number of fibres containing N = 0, 
N = I , N = 2 and N = 3 notches. 
Table 4 
Characteristics of the fibres in the crept composites 
Specimen N = 0 N * 1 N = 2 N = 3 p p n, L/mm 
r
 nom *ave L. ' 
CI 1 30 10 2 33 0 
C2 2 28 6 - 1 25 31 ? 45 
C3 4 23 6 2 1 35 » 
45 
C4 8 22 70 0 
C5 10 19 1 - - 74 1 
C6 13 13 1 1 84 2 
C7 14 18 1 - - 70 74 1 
C8 16 17 3 3 - 97 3 
C9 17 17 6 1
 ? 0 93 1 1 Q 0 
C10 18 19 6 2 - 96 2 
C11 19 17 4 1 2 105 3 
A linear average, P a v e , of the aspect rat io was calculated on the basis 
of the nominal aspect ratio, P . and N. This value is given in table 4 
together with the observed number, n. , of fibres of length equal to the 
specimen length. A possible correlation between n. and a was looked 
for, but none was found. The difference between p and p is in 
nom "ave 
many cases quite large. Consequently, in interpreting the creep data, I 
have considered only the resul ts for specimens CI -CI 1, for which a value 
of p was obtained. 
In all cases composite rupture involved a few fibre ruptures . These 
were of the cup and cone type and were therefore clearly distinguishable 
from the original fibre ends. Fibre rupture occurred only at the rupture 
surface, so the fibres, including those containing notches, seemed to stay 
intact during steady-state creep. 
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7. DISCUSSION 
The diagram shown in fig. 11 indicates a comparatively low s t r e s s 
sensitivity for the pure copper, a higher s t r e s s sensitivity for the com-
posites with p = 25, and a very high s t r e s s sensitivity for the com-
posites with p = 70. This is in qualitative agreement with the pre-
diction of the analysis by Bilde-Sørens en, Bøcker Pedersen and Lilholt 
(1975). 
When interpreting the results in greater detail, the presence in the 
composites of fibres of aspect ratio greater than the nominal value, p
 n o m , 
must be considered. Table 4 shows that most of the fibres in the com-
posites do not contain unbroken notches; in other words, their aspect ratio 
is equal to p . For the moment 1 shall therefore assume that all the 
^ nom 
fibres have the nominal aspect ratio and estimate the maximum tensile 
s t ress as follows: 
1 determine the average fibre s t r e s s by supposing the total composite 
load to be equally divided between fibres and matr ix . Following the analysis 
by McLean (! 972) and the present analysis, this gives 
° c = 2 Vf \ , (66) 
where a , is defined by eq. 14. Taking the interface shear s t r ess to be 
approximately constant, 1 have 
o ^ a X = 2 of (67) 
and hence, by combining eqs. 66 and 67 
a 
max _ £ (68) 
f °t
 =
 vr 
Using the a -values listed in table 2, I find that o , lies roughly 
c
 -2 
between 280 and 736 MN m for a fibre of aspect ratio P n o m . Extrapolation 
of the creep rupture data of Harr is and Ellison (1 966) and of McDanels and 
Signorelli (1 966) shows that creep of tungsten at 500°C can be expected to 
-2 
occur at s t resses exceeding roughly 1100 MN m . The creep of the fibres 
of the nominal aspect ratio should therefore be negligible. 
However, for an approximately constant interface shear s t r e s s , o ™*x 
is nearly proportional to p . The few fibres of aspect ratio 2p _ , 3p „ 
nom* nom 
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ur 4p Therefore experience maximum s t r e s se s which are roughly 2, 3 
•>r 4 times greater than those given by eq. 68. Comparing again with the 
creep strength, 1 100 MX m ", of tungsten, it appears that creep can be 
expected around the fibre midpoint when p = 2p , while a substantial 
portion of the fibre should creep when P - 3 p n o m - T h i s conclusion is 
supported by the observation of ductile fibre rupture. Fur thermore , creep 
in the long fibres provides an explanation of l.ie fact that no correlation was 
found between n. and a 
' lhe influence oi the fibres with P £3P therefore at Dears to be 
nom ' ' 
limited for two reasons: firstly, their small number (less than ~ 1 0°'» of the 
total number of fibres in a specimen) and, secondly the occurrence of creep 
in their central part. In view of this I expect creep of the composites to 
be governed essentially by the fibres of aspect ratio P and 2P in 
b J J
 ' nom nom 
which the creep is insignificant. 
The creep theories refer to composites with fibres of identical length 
and they cannot therefore be directly applied to the present resu l t s . How-
ever, in most of the theories the creep strength is given by an equation of 
the form of eq. 66, where o. is approximately proportional to p (when the 
s t ress sensitivity is not too small). In order to approximately account for 
the creep of composites in which p has a distribution of values, one might 
therefore simply replace p by the linear average, p . Strictly speaking, 
this approach is only valid if none of the fibres experience creep, but I 
shall use it in dealing with the present data since creep is only significant 
in a few of the fibres. 
Values of p were obtained for the specimens numbered CI -CI 1, as 
ave K ' 
seen in table 4, so a quantitative comparison to theoretical predictions is 
possible for these specimens. This comparison may be made using the 
diagram suggested by Bilde-Sørensen, Bøcker Pedersen and Lilholt (I 975). 
Fig, 14 shows such a diagram based upon eq. 59. The points for the matrix 
and those for the composites a r e seen, within the scat ter , to produce a 
master curve reasonably well. The sca t te r of data points referring to 
specimens of the same nominal constitution (specimens CI -C3, C4-C7 and 
C8-C1 1) tends to be less than that seen in fig. 1 3. This shows that part of the 
•scatter can indeed be attributed to differences in the value of pr 
In fig. 13 the data points referring to specimens C8-C1 1 lie to the right 
of those referring to specimens C4-C7. No such trend is exhibited in lig. 
14. The trend in fig. 13 therefore seems to be due to the fact that p is 
generally greater for specimens C8-C11, and not to an effect of the gauge 
length. 
On the other hand, in fig. 14 the data points referring to specimens 
CI -C3 lie to the right of those referring to specimens C4-C1 1. This would 
appear to suggest that the theory overestimates the influence of aspect ratio. 
However, a recent, detailed calculation by Lilholt (I975), based upon creep 
data for tungsten by Harris and Ellison (I 966), Dean (I 967) and Burwood-Smi: 
(1 970), indicates that this trend may be attributed solely to creep in the fibre; 
10°-
S£ 
10' 
t -4 
10 -
- ! 
» 
x 
• 
• 
;i 
.i 
— i 
X 
I 
6 " 
1 
T 
I 
I 
- , 1 . ... 
T 
I 
-
k 
10 20 40 60 
0 0 ^ / M N m -2 
Fig. 14. The data for c»~eep at 500 C of pure copper containing discon-
tinuous tungsten fibre* shown in a generalized diagram. The data points 
refer to the same specimens as in fig. 13. 
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8. SUMMARY AND CONCLUSIONS 
Existing models for the steady-state creep of composites containing 
aligned discontinuous fibres have been compared. The creep strength 
predicted by each model on the basis of a power law for creep of the matrix 
can be expressed by 
i I /n 1 + 1/n 
•c'cYtmo<& p o 
in the case where the fibres do not creep. It has been shown that the creep 
strength coefficient, c, i s in all cases approximately constant in the range 
of parameters of practical interest. 
A model has been suggested for predicting the composite creep law 
from the matrix creep law given in a general form. The predicted com-
posite creep law in the case where the fibres do not creep, 
is essentially identical to the creep law predicted by previous models when 
these are extended to comprise a general matrix creep law. The previous 
models involve a constant value for • , so that the shape of the pre-
dicted log • versus log c curve should be identical to that of the log o 
versus l o g i , , curve. 
Pure copper and composites consisting of aligned discontinuous or 
continuous fibres in a copper matrix have been creep tested at 500 C. The 
creep curves for the composites containing discontinuous fibres generally 
display well-developed regions of steady-state creep. The creep strength 
and the stress sensitivity are found to increase with the aspect ratio of the 
fibres, in qualitative agreement with the theoretical prediction. 
A quantitative comparison between theory and experiment has been 
made by plotting log(?m) versus log(« yt ) for the composites together 
with log « M versus log c M tor the pure copper. Plotted in this way, the 
creep data are seen, within the scatter, to produce a master curve reason-
ably well, in agreement with the theoretical prediction. A slight overestimate 
of the effect of • i s expected to result from creep of the fibres. 
I 
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APPENDIX I 
LIST OF SYMBOLS 
A Tranformation matrix 
ij 
a Geometrical parameter 
c Creep strengtn coefficient 
D Diffusion coefficient or geometrical parameter 
(diameter of unit element) 
D Pre-exponential factor 
d Diameter of fibre 
b1 Time interval corresponding to the displacements 6u , 6u.. 6u, 
and bu 
s 
du 6u. Displacement of points in the matrix (m), at the interface (i). 
5u, 6u in the fibre (f), and resulting from sliding (s) 
6. Kronecker symbol 
£ Activation energy for diffusion 
t Base of the natural logarithm 
c Tensile strain-rate (in the present text, usually the steady-state 
creep-rate) 
é Strain-rate tensor, referred to cartesian coordinates 
fc Strain-rate of composite 
c Constant in power law 
c, St rain-rate of fibre 
c Strain-rate of unreinforced matrix 
i Any continuous function 
;' Exponential function 
. p Power function 
fpF Power or exponential function 
* Quantity in expression for composite creep law 
G Elastic shear modulus 
g(x) Continuous function of x 
V Shear strain-rate 
ill) 
Y Average shear s train-rate 
Y ^Y Y„ Shear s t rain-rates referred to polar cviindricai coordinates 
r€ rz 9z 
h Thickness of zone of constant shear s t ra in-ra te 
k 3oltzmann constant 
L Gauge length of specimen. In Mileiko's (1 970) notation L is the 
length of fibres/plates 
1 Length of fibre/plate 
1' Overlap of fibres/plates 
A Spacing between fibres 
N Number of notches in a fibre 
n Stress exponent in power law 
n. Number of fibres of length equal to the specimen length 
v Rate of relative displacement of plates/fibres 
0-x. Cartesian coordinate axes 
C Volume for diffusion 
P Hydrostatic s t ress 
Pp(z) Tensile load supported by fibre 
PM(z) Tensile load supported by matrix cylinder 
P j j E Tensile load supported by unit element 
r Polar cylindrical coordinate (radial distance from fibre axis) 
ref 
r Reference value of r 
P Aspect ratio of fibres/plates 
P Average aspect ratio of fibres 
P Nominal aspect ratio of fibres 
s Geometrical parameter. For plate composites s is the 
spacing between plates, and for fibre composites s = D-d 
s.. Stress deviator 
9
 Tensile s t ress 
9
 Constant in power law 
a i ° 2 ° 3 Principal s t resses 
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a Tens i l e s t r e s s in compos i te 
• Effective s t r e s s 
e 
°f Tens i l e s t r e s s in f ibre 
o . Average t en s i l e s t r e s s in f ibre 
af Maximum tens i l e s t r e s s in f ibre 
a.. S t r e s s t enso r r e f e r r e d to c a r t e s i a n c o o r d i n a t e s 
a Longitudinal t ens i l e s t r e s s 
j , . Tens i l e s t r e s s applied to unre inforced m a t r i x 
o Average t e n s i l e s t r e s s in m a t r i x 
o o o Components of the s t r e s s t en so r r e f e r r e d to po la r cy l ind r i ca l 
0
 «o„„°« , coo rd ina t e s 
r9 r z p~ 
o T T r a n s v e r s e t en s i l e s t r e s s 
o „ Average t e n s i l e s t r e s s suppor ted by unit e l ement 
T Absolute t e m p e r a t u r e 
T Absolute me l t ing t e m p e r a t u r e 
t Th i cknes s of p la te 
T Shea r s t r e s s 
T A v e r a g e s h e a r s t r e s s 
T. Shear s t r e s s at the f i b r e / m a t r i x in t e r f ace 
9 P o l a r cy l ind r i ca l coord ina te (angle) 
u u. Ra te of d i s p l a c e m e n t of points in m a t r i x (m) and at the in te r face (i) 
u uflu Di sp l acemen t r a t e s r e f e r r e d to p o l a r cy l i nd r i ca l coord ina tes 
V . Volume f rac t ion of f ib res 
V „ Volume f rac t ion of m a t r i x 
m 
V „ E Volume f rac t ion of unit e l emen t s 
z P o l a r cy l i nd r i ca l coord ina te (dis tance along the f ibre from the 
f ib re midpoin t ) 
z Half the length of c e n t r a l c reep ing por t ion of f ibre 
ref 
z Re fe r ence va lue of z 
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APPENDIX II 
INTERFACE SHEAR STRESS ;
x ) 
i consider a discontinuous non-creeping fibre embedded in an infinite 
matrix. Far from the fibre the matrix is in a condition of uniform steady-
statt- creep at the rate of c in the direction of the fibre axis and I assume 
that no sliding occurs at the interface between fibre and matrix. 
1 . Euuilibriuni Condition 
The circular slice of matrix material shown in fig. 1 experiences 
forces resulting from shear and tensile s t resses , as defined in the figure. 
air;*) O ( f . z . A r ) 
FIBRE 
I j l j l r , ! } 
Fig. 1 . The stresses acting on a thin circular slice of matric material 
Under static equilibrium the sum of these forces vanishes, giving 
r 
2rT - T.d + 2 ! r' tSL 
l j d z 
d/2 
dr' ^ 0 . 
If the aspect ratio of the fibre is not too small I feel justified in 
ignoring s t ress concentrations at fibre ends as well as ignoring the integral 
term resulting from the variation of tpnsile s t ress along the fibre direction. 
Excerpts from personal communication (1973) to Dr. A. Kelly, National 
Physical Laboratory, London, and ,Dr. K.N. Street, Ecole des Mines, 
Pa r i s . 
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The shear s t ress then becomes 
T.d 
T(r.z) - ^ - O 
Velocity Profile 
The shear strain rate is defined 
* = g • (2) 
where u(r, z) is the creep velocity relative to the fibre. I assume the 
s t ress to be related to the strain rate via a power law 
V = V o ( ^ ) m , (3) 
o 
where Y T and m are independent of s t r e s s . Combination of eqs. 1, 2 
and 3 gives 
du • d IT1 
1 ? B V T ? > (4) 
where 
m 
Y = Y ( — ) 
i o v T ' 
o 
Integration of eq. 4 under the boundary condition that there is no 
relative velocity between fibre and matrix at the interface gives 
u = u * [ , - ( ^ ) ' - m ] (5) 
where 
d \ 
u * = •*•
 T . 
2 m - 1 
The reduced velocity, u/u», is plotted as a function of r/d for fixed 
values of m in fig. 2 demonstrating how rapidly the velocities converge 
to the asymptotic value. 
- , 6 V 
' ^ • J S " • - M 
Fig. 2. Profiles of reduced velocities, u/u , adjacent to the fibre-matrix 
interface. 
3. Interface Shear Stress 
The interface s t ress may be obtained from eq. 5 because, in the normal 
cases when m ) I, one has 
u(r, z) — e z as r - oo (6) 
with z = 0 at the fibre midpoint. Hence from eqs. 3 nnd b 
T / n l / " ' T < 2 c . ' / m , z I /m (7) 
The power relation is usually expressed in terms of tensile s t r ess and 
strain rate 
/ ° »n 
o xo ' 
o 
and by taking the relations employed by Kelly and Street, 
o 2 o t = ; o o ' m = n 
the interface s t ress 
. ' / 
i r o 'e ' 
o 
where 
can be written in the form 
" ( J ) ' / " W 
I ) 1/n 
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4. Discussion 
This expression is identical to that obtained by Kelu and Street when 
the coefficient p is taken as 
p K S s ^ , ' / n [ ( ^ v f , ' , / 2 - M " , / n . 
A comparison between the two theories can be made from fig. 3, 
where the ratio, 
T i
 - - ^ 
i r 
is plotted as a function of Vf for some values of n. 
Fig . 3. Ratio between the interface s t r e s s predicted by the present :he<>r\ 
and by Kelly and Street's . The greatest difference occurs at smal l values 
of the volume percent of fibres. 
The agreement is good for large values of n when Vf is greater than 
about 20%. This is not surprising since, as Kelly and Street point out, the 
value taken for n is not crit ical for large values of n provided \' is not 
too smal l . But the difference between the theories appears for all values 
of n when Vf is less than about 20%. In this region 1 expect the present 
model to better represent the composite, since the assumption of an infinit*-
matrix should not be critical here. 
Reference 
A. Kelly and K.N. Street, Creep of Discontinuous Fibre Composite II. 
Theory for the Steady-State, Proc. Roy. Soc. A328 (IH72) 283-293. 
AIM'L:\DLX III 
J O I K N A I OF M A I I R I M S se II M I t , I •• .11 «4k -'•.« : 
Creep strength of discontinuous fibre 
composites 
O . B Ø C K E R P E D E R S E N 
Metallurgy Department. Danish Atomic Energy Commission. Research Establishment 
Risø. DK-4000 Roskilde Denmark and Depart'iient of Structural Properties of Materials. 
The Technical University of Denmark, DK-2800 Lyngby, Denmark 
A unid i rect ional , d i scon t i nuous f ibre compos i te is cons idered under c o n d i t i o n s of steady 
state creep in the d i rec t ion of re in forcement . The compos i t e cons is ts of n o n c r e e p m g , 
d iscon t inuous , perfect ly a l igned, uni formly d is t r ibu ted f ibres wh ich are perfectly bonded 
to a matr ix obeying a power relat ion between s t ress and strain rate. Express ions for the 
interface stress, the creep velocity prof i le adjacent to the f ibres and the creep s t rength 
of the compos i te are der ived. Prev ious resul ts for the creep s t rength, <r, ob ta ined for 
compos i tes of the same type are briefly reviewed and compared wi th t he present result 
It is s h o w n that all results reduce to the same general express ion 
"-• "•
 > i / , , r
" U , ) " v ' ' " 
in which p is the f ibre aspect rat io, i is the compos i t e creep rate, / , is the f i b re vo lume 
f ract ion, <r„,
 f„ and n are the cons tan ts in the matrix creep law. The creep s t rength 
coeff ic ient > is found to be very weakly dependent on / , and pract ical ly independent of n 
when n is greater than about 6. 
1 . In t roduct ion 
l l has become »ell established O U T the past 
decide that ihe resistance to creep at elevated 
temperatures of a metal matrix can he enhanced 
by the addit ion o f creep resistant fibres | l - 4 ) 
Considerable effort has. therefore, been directed 
toward the development of mathematical models 
describing this enhancement in terms of the 
parameters specifying the constitution of the 
composite 
Mi le iko [51 proposes a model which extends 
under simple shear of the matrix and with no 
matn \ contr ibut ion to the tensile load supported 
by the model A small matrix contr ibut ion is 
included in Kell> anil Street's model |f>) which 
is based on the assumption of ,i uni form shear 
strain-ra'e in the matrix. McLean [7] employs 
the .unit assumption, but derives the creep 
strength from an energy consideration, and 
points out thai the matrix contr ibut ion usually is 
fairly large In fact, he concludes that the tensile 
load is approximately equally divided between 
lihrcs .nul matrix independently of relative 
volume fractions, as long as flow occurs in ihe 
948 
matrix. This is a result o f the constraint effect 
observed in (ensile experiments by k e l k and 
Li lholt [S| As ihe matrix deforms plastically, its 
transverse contraction is constrained by the 
surrounding fibres which are normally less 
compliant In Kelly and L i l ho l t s e orimcnts 
this caused a very high apparent tensile stress in 
the matrix, which disappeared »hen the fibres 
yielded, and hence the transverse contractions 
became the same. 
2. T h e m o d e l c o m p o s i t e 
The approach described here is based on a 
model which we define by a number o f assump-
tions. The model consists o f a matrix containing 
noncreeping. aligned, cyl indrical fibres of diam-
eter </ and of length / The aspect ratio
 p = / ,1 
is assumed to be sufficiently large that end effects 
may be ignored The dist r ibut ion of the librcs is 
random in a direction parallel to the fibre axis 
In cross-sections normal to the fibre axes the 
lihrcs are uniformly distr ibuted so as to form ,i 
hexagonal arrav 
Ihe creep behaviour of the matrix is assumed 
1
 /' ' V ( hipnitm ami Hall I hi 
U t i r s l I l M . I H ' i l D I V I ' I I N I I S . 1 o l s i IBK1 l U M P n s l l l s 
'.• be JescribeJ by the usual power relation 
i - y . ( - T ) i'» 
relating the shear strain-rate. y. to the shear 
stress T The constants. y„. T„. and n are related 
to those obtained in a tensile creep test. «„. «i„. 
and m. sj [f>| 
3 I 
The adhesion between fibres and matrix i> 
thought to be perfect, so that no relative sliding 
can occur at the interfaces during creep of the 
composite. 
2.1. The stress system 
In a condition of steady state creep the matrix is 
assumed to extend at the constant rate. »'. at 
points midway between two fibres. Taking z - 0 
at a fibre centre (Fig. I) this results in a velocity 
tz relative to the rigid fibre. Since unlimited 
interface strength is assumed, the relative velocity 
must decrease to zero at the interface. This is 
what causes load to be exchanged between the 
components by means of the interface stress. 
T,. Previous authors [5-7J all found that the 
interface stress is nearly constant along the 
major portion of the fibre length when the stress 
exponent, n. is greater than about 4. Since the 
tensile load on the fibre is found by integrating 
r, from the fibre end to the point in question, 
this results in a nearly linear variation of the 
tensile load on the fibre along its length. 
In discussing the distribution of tensile load 
between (hecomponents, McLean points out that 
the tensile load on the matrix can be obtained 
b> a similar integration of T, from the fibre 
centre For higher n-values the tensile load in the 
matrix consequently rises almost linearly from 
the libre centre. McLean further concludes that 
the tensile load of the composite is roughly 
equally divided between matrix and fibres 
irrespective of volume fractions. This is in 
marked contrast to the case in which the matrix 
does not yield plastically Here there is normally 
i preferential loading of the fibres. 
In view of the above it appears thai reasonable 
simple assumptions regarding the stress system 
can be slated by the following 
I the tensile stress supported by the matrix 
varies linearly from fibre centre to tibrc end at a 
constant rate given by 
where <im denotes the greatest tensile stress in the 
matrix: 
2. the ttnsile load carried by the composite is 
nearly equally divided between the components 
at any fibre volume fraction. Vi. The creep 
strength, therefore, merely heo.Ties twee the 
load supported by the fibres, IT, V.'. j . When 
linear variation of tensile stress ir the fibre is 
assumed, the average stress «; is given by 
<>r = I - "i. where >i> is the tensile stress at the 
fibre centre. We shall therefore assu.ne that 
a,, -r 1'J.T, ••- 11 t';|.rm (4) 
2.2. The stress transfer 
The geometry and the stress system of the minlel 
composite are illustrated by fig 1 The two 
S ; * -
\,XW2.Z) J r 
0—.-_,—,_) 
• • FiB»e 
ii 
Figure I The siresses acting on .1 ihm circular slice ol 
matrix material 
hatched rectangles represent a thin circular slice 
of matrix By integrating the stresses exerted on 
this slice «e can obtain the ;-component of the 
totjl force acting on H The exact result for a 
single fibre embedded in the matrix is 
Cr ,r 
2rr T,J • 2 r år J: 
J , .1 ' Z 
In a stale of mechanical equilibrium the total 
force is zero, and in an attempt to .ncr.tpe we 
shall represent the equilibrium equation of the 
model by 
2rr -,,/ • 2 J r" "\l> I) f n 
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We have employed Equation 3 and further >et >i 
equal to hul?" the minimum surface-to-surface 
dis:ance between fibres in the model composite 
Because of the assumed hexagonal distribution. 
h is therefore written 
Lsing Equations 4, 5. and 6 we find 
where 
T
' "
 r
'
 _
 :/ i - h 
3. The radial velocity profil* 
The matrix shear stress is given by Equation 7 
and the response to shear stress by Equation 
I in which y is related to the relative velocity, u. 
between fibres and matrix through 
Using Equation 2 the rate of increase of u with 
increasing distance from the interface can. 
therefore, be written 
By integrating r u tr with respect to r and 
employing the condition thai there is no sliding 
at the interface, we find the velocity profile 
where 
-mm-
The reduced velocity, u u* is plotted as a function 
of r rf in Fig. 2 for a number of values of«. It is 
seen that the creep of the matrix is opposed only 
in the rather close vicinity of the fibres in the 
model composite, whin n is not too small. 
Street (9) has observed the velocity profile on 
the surface of a composite consisting of lead 
reinforced by nhosphor-bron/e plates. The 
surface was initially intersected by straight 
marker lines and then subjected to creep. A 
950 
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Figure 2 Profiles of reduced velocities, u »*. adjacent lo 
the fibre-matrix interface, as predicted by Equation It) 
Figure 3 Optical micrograph of the tensile creep of lead 
embedding a noncreeping phosphor-bronze plate The 
originally straight marker lines labelled A. R. C arc imt 
visible in ihe ••hear /one (Street |')|t 
micrograph of the surface after creep is re-
produced in Fig. 3. The straight marker lines 
have been deformed into rurved lines giving 
evidence of a localized shear /one. Street [9] 
reports a value n = 14 for the lead matrix so Ihe 
slope of the marker lines appears to be less than 
that of the velocity profiles of the model. This is 
undoubtedly a consequence of the idealized 
shear stress variation of the model, since a 
power relation causes the creep rate to depend 
quite strongly on stress, However, one might 
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indeed expect the localization of shear to be less 
pronounced when the reinforcing members are 
plates rather than fibres. 
4. Th* composite croop strength 
The creep rate in the matrix was seen in the 
foregoing section to be disturbed only close to 
the fibre-matrix interface. In deducing the shear 
stress exerted on the interface we shall therefore 
disregard the presence of other fibres and employ 
the relationship 
u(r, z) - iz as r > x (II) 
which applies when n is greater than I. By 
combining this and Equation 10 we find 
-•-*•(£)'"G)'" ,,2) 
where 
„ I /4V " 
^ 2 ( 3 ) * • - ' > ' • • 
Equation 12 has a formal similarity to Kelly and 
Street's result for the interface stress, but in the 
present case 0 is not a function of volume 
fraction. 
According to assumption 2 (Section 2.1) we 
can express the creep strength as ar = atVu 
where at is determined by the force balance 
4 (•'•» 
The interface stress is given in terms of o, by 
Equations 7a, and 12, so by substituting for T, in 
Equation 13 we find the composite creep 
strength 
(TC = *YfoJ~\ % ' " " !!4) 
where 
/2V " n(n - I)1 ••'" 
In the next section it will be seen that the creep 
strength coefficient, a, is approximately con-
stant. 
5. Discussion and conclusions 
The models developed by Mileiko, Kelly and 
Street, McLean, and the author all represent 
what might be called a perfect composite: fibres 
POSHES 
and matrix are fully adhering, the fibres are 
noncreeping. chemically >table. perfectly aligned, 
and evenly distributed It is. therefore, interes-
ting to compare the predictions these models 
give for the creep strength It turns out that a 
comparison may be made very conveniently 
because a remarkable similarity exists between 
the results. By introducing the notation used in 
this paper and rearranging »e can express the 
creep strength by Equation 14 for all models 
with expressions for the coefficients given by: 
(McLean) 
(present model) 
(1 - V,) (2\ " n(n - I)' -
%t
 / % 3 \ 1 4 \ 3 / « + I 
(Kelly and Street) 
n r V 2 v 3 \ * 3 T ' ' 
n 1 
^ (I - Y<) p " ~ ~ 
(Mileiko) 
- ( n~' V" 
%t
 \\ - y,<- " 7 
| • : -" + ( I - - ) " •• d: 
In McLean's coefficient, v has been replaced by 
2h where h is given by Equation f». The expres-
sions for the coefficients have been computed as 
functions of Vj for four n-values ranging frem 
rather small, 3 and 6, to rather greater, 9 and 12. 
Kelly and Street's coefficient is shown for 
p = 50 (dashed curve) and p - x (solid curve). 
Although the ^-dependence is quite significant 
at small ^-values it is seen to be fairly un-
important when Vt is greater than about 20"„. 
It is evident from Fig 4 that all creep strength 
coefficients are nearly independent of n when 
n > 6. The variation of x with V\ is also seen to 
be quite small so it seems reasonable simply to 
represent the coefficients by 
x, = 1.5 
x2 = 1.2 
*, - 0.4 
x4 = 0.3 
which roughly corresponds to the x-values at 
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FIBRE VOLUME FRACTION V, 
Figure 4 The creep strength coefficients, an. Index i refers 
toeach curve as indicated (I. McLean, 2, present model. 3, 
Kelly and Street. 4, Mileiko). Kelly and Street's coeffi-
cient has been computed for p = 50 (dashed curve) and 
p = T (solid curve). 
Y< = 50% and n = 12. The only important 
point at which the four models fail to agree is 
therefore in predicting the creep strength 
coefficient. However, the predicted coefficients 
seem to increase with increasing assumed matrix 
contribution, this could explain part of the 
disagreement. Excellent agreement is seen 
between z, and a , which both take full account 
of the matrix and the genera) expression 
where a is approximately constant and near 
unity seems to be very well supported by 
theory, since it emerges from all four treat-
ments. Once the general expression has been 
experimentally verified, the decision between the 
various models can, therefore, be made simply by 
measuring the creep strength coefficient. 
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APPENDIX IV 
ON A CONSTRAINT EFFECT IN STEADY 
STATE CREEP OF FIBRE COMPOSITES * ) 
X) Reprint of; Composites-Standards, Testing and Design. National Physi-
cal Laboratory, 8-9 April 1974. Conference Proceedings (IPC Science 
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On a constraint effect in steady-
state creep of fibre composites 
O BOCKER PfOERSiN 
The tensile creep strength of a unidirectional discontinuous fibre composite 
is discuss«} on the basis of an analysis of the equilibrium conditions in the 
matrix. This and previous theories predict that a volume fraction V, of non 
creeping fibres of aspect ratio Ud strengthens the matrix by the factor 
a \4 U/d)1 * •* where n is the stress exponent in the matrix creep law. Each 
theory yields an approximately constant a near unity. The magnitude of a 
seems to reflect the importance of the constraint effect. Preliminary exper 
imental data is presented. 
1 INTRODUCTION 
The fibre diameter is bring recognized as an important para-
meter m the description of many of those properties of libit 
composites that involve an muraction between the com-
ponents. One of these properties «s the strength under 
conditions of steady stale creep of a unidirectional discon-
tinuous fibre composite containing non-creeping perfectly 
bonded fibres of equal length / and diameter J. As the 
matrix extends plastically its transverse contraction is 
constrained by the non-creeping fibres. This constraint gives 
rise to high tensile stresses in the matrix and is likely to 
depend upon fibre spacing, and hence upon fibre diameter 
for a given fibre content. 
Several authors have recently analysed the steady-state creep 
of discontinuous fibre composites Mitttko (I j neglects the 
contribution of the matrix to the load carried by the com-
posite and Kelly and Street (21 include a contribution from 
an unconstrained matrix. These analyses therefore do not 
take the constraint effect into account. McLean [3] con-
siders the rate of energy dissipation in the matrix during 
creep and derives a creep strength which is roughly three 
times as great as that derived by Kelly and Street. The reason 
for lias* discrepancy could be that McLean's analysis im-
plicitly takes the constraint effect into account. We derive 
the creep strength by analyses |4.5 ] which explicitly include 
the full constraint effect and also by an analysis which ig-
nores it |5). The resuhs of these analyses indicate that the 
constraint effect can amount to roughly • doubling of the 
rampant« creep strength. Prelimmary experimental investi-
gaajons of the Cu-W system are described and results are 
dwnwrad in the light of than? theories. 
2 TMIOHY 
Many metals follow a power relation between steady-slate 
creep isle and applied »tress over a fairly wide rang* of tern-
•WNflMaWpir' IJa*PaWfMMM, (MMnW A H M V C BHS^Hf C 4 M M H B P Q M , "BWBJBWCH 
i,tJllh*"",w.?lif f000 **+*+> ****• vmwym «t Winmw* 
^MØPVMp 0 IWt9ff§4|, Thsff HMfcflwaWf UUfcWllttr' Of OWMVwaVfc, 
dnls^ nWay tVjrv^^a^Vf tVJSVM^BM 
perature and stress (6| For uniaxial loading the relation 
takes the form 
i 
where olt is tne tensile or compressive stress, i,, is the 
steady-state uniaxial creep rate, and <H. (». and n are co»-
slants at a pven temperature The expressions for the 
composite ere-, strength. oc. derived on the basis of 
totution I I ) by Mik*nV>. Kelly and Street, and McLean mav 
all be rearranged to form the general relation 
in which « is the steady-state creep rate of the composite 
o,. et. and n are the constants appearing in Equation I! i 
lid u the fibre aspect ratio. V\ is the fibre volume fraction 
and a is a very slow function of Vt and n. as shown by 
Becker Pedersen |4|. At large values of n these functions 
arc approximately given by the constant values 
a, = 03 Mileiko 
<ij = 0 5 Kelly and Stret' 
a , = 15 McLean 
We obtain similar results by considering the equilibrium con 
ditions in the matrix. We select a cylindrical system of 
coordinates with origin, r - i ~ 0, at the fibre midpoint 
and /-axis parallel to the fibre axis. Assuming axial symmetry 
the integral form of one of the equilibrium equations is 
/ » - — d p = 0 0> 
-/» 
For large values of n the interface shear stress. rt. isaccwi 
ing to several analyses (244 J $] almost constant along th« 
major portion of the fibre. Integration of i, from the fib« 
end therefor« results in an approximately linear axial drunk* 
Hon of tensile stress in the fibre. A point made by McUas 
- bi 
3 thai (he tensile stress in the m a i m may be calculated by a 
similar integration <>f v resulting in a nearly linear disiri-
• . . i i « of Urea in the matrix, too McLean further concludes 
-.hit the load on the composite is approximately equally 
::vnled between fibre* ami matrix, as long as there is flow 
n the matrix TIK large values ot o „ in the matrix 
moxuted with this load distribution are possible without 
'\tvatt creep-rates because the constraint generates a trans 
verse stress. c M . which nearly balances <J„ The corresponJ-
, triaxial s ress state is described by a general relation 
-ytween the stress tensor and the strain-rate tensor | v | . 
ither than by Equation (I > However, tqualion 111 does appls 
»hen the constraint effect is negligible, K when a„ < o „ 
h ilowing these ideas wc derive the composite creep strength 
n ihe basis ot" three different sets ot assumptions 
tal r, is approximately constant and any value is 
allowed tor o „ \>\. 
I ' I I Fibres and matrix share the total load equally and 
the /-dependence ot o„ is linear | 4 | . 
• _ i The integral Itrm in I-qua I ion I 3> is negligible |51 
I he tirst set of assumptions leads to the load distribution 
Aiumed under fhi'equipartition of load), which we take to 
i-present the maxiniL.n constraint effect. Assumption I d is 
jken t.i represent the case ot no constraint effect in which 
"„ !•. given in terms ^' t,, by equation i l l As in previous 
.trusses we obtain a creep strength whit h may be expressed 
~y I quation t ~l The appropriate ir-coefticients are shown as 
••»»etions of Vf l»« n ~ '» in fig I The results for maxi-
"um constraint effect a , and a h are very similar although 
'V> are obtained by slightly different approaches Since the 
dependence ot a is quite small the coefficients a;e approx 
:maleh given by the constant values 
«, = ).: 
d h = i : 
" . "= 0 5 
I he agreement between 'he results <>t Mileiko and Kelly 
and Street ( a , and fij) and u t is fairly good as is the agree-
ment between the result of Mclean (aji and a , and <ih 
Tabt* 1 Creep tests of discontinuous Cu-W fibre composites 
«••» 
JOr 
O 2 
i -i :_ 
0.4 0.6 O l 
Specimen 
2 
2 
3 
4 
5 
5 
5 
122 6 
103 0 
78 5 
103 0 
i 22 6 
1373 
147 2 
157 0 
t 10 >. '1 
12 59 " 
2 0 1 5 
1 39 
1 98 
2 78 
13 7t 
22 27 
44.16 
A. 
~"6~22 
0 17 
0 17 
0 25 
0 2 2 
0 27 
0 27 
0 27 
The importance ot the constraint elled is indicated by the 
ditteience between these two >ets • •' results which is a tact••! 
of two ur three The constrain! :•> lik-.-iy ti> depend upon the 
mechanical properties ot the .opponents JIU! upon ge. itretric-
al tactors. in particular the rthre -picing In ;he region »here 
the anahses are valid we therefore expect a tobe i function 
of these variables with maximum and minimum gr.cii 
roughly h\ I < and t! •* 
3 EXPERIMENTAL 
The ("u-W system was inxcsMgaieci Po!\crsstalline t> ^ rum 
W-wire was chopped into e.iiul lengths and embedded by. 
vacuum intiitration in a single crystal matrix ot speclro-
graphically pureCu Composite »ixMiiKm ot gjuge length 
45mm containing a volume traction l f (l > of fibres 
with an aspect ratio I'd Z< were creep tested in air using 
a 13 1 lever type apparatus f-xtension was magnified 2WX 
and continuously recorded <in a revolving drum -Ml creep 
tests were conducted at j temperature of ^00 ( * 1 C 
which was measured with a thermocouple :n contact with 
the specimen 
4 ftESUL TS AND DISCUSS/OS 
Values of applied stresses and the resulting riiintnnim creep 
ralet- are given in Table I together with the fibre area 
fractions. .-»f. observed on the rupture surtj.es the values 
of .4f are all less than l'f ft 2? indicating as predicted 
by Street [ I 0 | . that rupture ucoirred at cross-section« ot 
low fibre content hig I shows j double logarithmic plot •( 
the lata in Table 1 II we disregard the measurements on 
specimen 2 (data points in parentheses I the plot indicates a 
linear relation between lug n and log I I he comp.ir.itivelv 
high creep rates exhibited bv specimen , »onKj C.'MII' Ir-'m 
the extremely low area fraction observed on this specimen 
At - O P 
In calculating the least-squares lit represented bv the line ir, 
frig. 2 we have used onlv one data poifit per specimen land 
left out the results fut specimen 2i. sirWc the experimental 
scatter primarily results from differences in omiposn.on ol 
the specimens This average is appiopnate when dcterrrininc 
<jCk ' «c • ' 'ol ' "• whereas .i series o,t measurements or. a 
single specimen (say those <>n specimen - or -'i .ipoe-»< :->be 
more suitable when determining the composite stress expo 
nent The present data yield roughly tne same e\ ;>nen ' trorn 
both approaches The creep st'enyih determined bs tne least-
square« method is ' 
F,s> 1 CrHp trranflth cMffie«nt«. a, derived on the baut o> 
•aumpiKmt a, b an« c 
rjJMN/m3! l.'O 
' in-1 ' 
1 4 . 
A CKNOWL EDGE MEN TS 
Cu-W 
K5J~ - L =25 
(J 
V, --0 28 
id3" T - 5 0 0 ° C 
IO 
id ' 
so IOO 
o t[MN/mJ! 
3 0 0 
Fig 2 Double logarithmic p'ot of the stresses ana minimum creep 
rates listed m Table 1 
Table 2 Matrix properties at 500 C 
Reference 
11 
12 extrapolated 
13 extrapolated 
14 extrapolated 
o« IMN/m2 ! 
13 
25 
23 
16 
To 
10 
10 
10 
n 
6 
5 
5 
5 
a 
0.8 
0.4 
0.4 
0.6 
We have not yel measured creep curves for the unreinforced 
matrix, but creep data on nominally pure Cu are available 
>n the literature Table 2 lists the parameters a0, iu. and n 
for fu at 500°C. Only one work ( I I | contains results 
obtained at 500°C. but the parameters were extrapolated 
by means of the generalized creep equation [b| fiuin three 
other works 11 .. 14| The values of a required in order 
that bquation 12) predicts Kqualion (4) on the basis of these 
data are also shown in Table 2. 
Experimental evidence tot the constraint has usually been 
found in tensile experiments where the fibre spacing was 
considerably smaller than the average spacing \ "* 500 ym 
in our specimens Kelly and Lilholt |15) observed a conslrainl 
effect for fibre spaemgs less than A — 20tam. Cheskisaml 
Heckel | 1 6 | for A - :5pm. Stuhrke | I7 ] for A - 100pm. 
and Garrrmng and Shepard | I 8 | for A "*• 2.5pm. For this 
reason we expect the constraint effect to be fairly unimport-
ant in the present experiments, and most of the a-values in 
Table 2 are indeed close to the value predicted for the case 
of no constraint effect However, the unextrapolated data 
from the work of Pahutova et al perhaps gives the mosl 
reliable value of a, and this value is consistent with some 
constraint effect 
it is a pleasure to acknowledge the continued interest of 
Professor KM J Cottenll and Dr N. Hansen. Thanks are 
due to Drs H Lilholt and J B Blide-Sørensen for several 
helpful discussions .md to Messrs J K|éller. J Larsen. 
I' Nielsen and O Olsen for skilful experimental assistance 
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APPENDIX V 
STEADY-STATE CREEP OF COPPER-TUNGSTEN 
FIBRE COMPOSITES** 
0. Bocker Pedersen *^ 
Metallurgy Department 
Danish Atomic Energy Commission 
Research Estahlishment Risø 
DK-4000 Roskilde, Denmark 
Pure copper and composites consisting of aligned discon-
tinuous tungsten fibres in a copper matrix have been creep-
tested at a temperature of 500°C. The results indicate a 
relatively low stress sensitivity of the steady-state creep-
rate for the pure copper and a relatively high stress sen-
sitivity for the composites. This is explained on the basis 
of an analysis of existing creep models. A quantitative pre-
diction of this analysis shows promising agreement with the 
experimental results. 
x) a l s o a t : 
Department of S t r u c t u r a l P r o p e r t i e s of M a t e r i a l s 
Technica l U n i v e r s i t y of Denmark 
DK-2800 Lyngby, Denmark 
* ' To be published in; Proceedings of the International Conference on Com-
posite Materials , Geneva, 7-11 April 1 975, and Boston Mass. , 14-16 
April 1975. 
Introdnet ion 
Published theories (1-4) for the steady-state creep of 
composites containing aligned disco-it inuous fibres have only 
been explicitly evaluated on the basis of a power paw for 
creep of fibres and matrix. An upsweep from a power depen-
dence to an exponential dependence on stress is, however, 
commonly observed for crystalline solids (5). Bi Ide-Sørensen, 
BeScker-Pedersen, and Lilholt (BBL) (6) have recently exten-
ded the creep models by McLean and by Kelly and Street to 
include the exponential creep law (or in principle any creep 
law) for the matrix, under conditions where the fibres do not 
creep. An important implication of the BBL analysis is that 
the upsweep to an exponential law should occur at a lower 
creep rate for the composite, than for the unreinfoTced ma-
trix. This emphasizes the relevance of the exponential range 
for creep of discontinuous fibre composites. 
Relatively few experiments, which could be used to 
check the theories, have been reported. Kelly and Tyson (7) 
measured the steady-state creep of discontinuous silver 
matrix - tungsten fibre composites under conditions where 
the creep of fibres was negligible. They found that there 
appeared to be a transition from a region at low applied 
3 
stress, where t a a , to a region at higher stress, 
14 C C 
where t a a^ or perhaps t a exp o.. . 
The present paper describes work, which is still in 
progress, aimed at producing further experimental data re-
lating to the theories. The steady-state creep of disconti-
nuous copper-tungsten fibre composites is measured at a 
temperature of 500°C. 
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Experimental 
Polycrystalline tungsten wires were obtained from 
Mullard Ltd., and spectrographically pure copper was supplied 
by Johnson, Matthey 6 Co. The 500 m diameter tungsten wire 
was given a series of equidistant notches, so that a slight 
bending of the wire could break it into segments of the 
required length. The notched wires were arranged in bundles 
of ten, held together by copper wire. With care, most of 
the notches could usually be broken by bending the entire 
bundle. Composite rods of diameter 3 mm were made by placing 
the bundle in a mould and embedding the fibres in a matrix 
of copper by vacuum infiltration. Specimens of gauge length 
L=45 mm of L=100 mm, containing a nominal fibre volume 
fraction V,. = 0.28 of fibres with a nominal aspect ratio 
of either p =25 or p =70, were made by soldering the ends 
of the rods into steel balls of diameter 10 mm. Specimens 
of pure copper were cast using the same procedure as for 
the composites, only excluding the fibres. 
Creep tests were performed in a lever type apparatus. 
The extension was magnified 100X or 200X and continuously 
recorded. All creep tests were conducted under constant 
load in air. The temperature was held constant within 1 C. 
Results 
The composites were all creep-tested at a temperature 
of 500°C. No indications of oxidation of the fibres were 
found even after 1255 hours. Rupture always occurred within 
the gauge length. The creep curves normally displayed a 
well-developed region of steady-state creep, a few curves 
showed only an inversion point. Fig. 1 shows a douMe-loga-
rithmic diagram of the measured steady-state creep-rates 
against the applied stress. Nearly all the experimental data 
refer to steady-state regions of duration in the range of 
5 - 238 hours, a few data points (enclosed in brackets) 
refer to creep rates at inversion points. 
. 6a 
10 J i -
. 10"' 
'r 
-3" 
2 ^IA) 
1 K 
10 5U 
2 
Coppar-Tungsten |
 ^ ^ . ^ L = rø0mm * 
"i/ . . . s ! composites i 10 ,- l & P M » = 2 5 , L=45mm 
Pure Copper 
10 20 30 50 WO 150 
<{, MN m" -2 
The steady-state creep-rates of pure copper and copper-
tungsten composites plotted against the applied stress. 
The arrow indicates a maximum point. Specimen numbers 
(referring to Table 1) are given at some experimental 
points. 
An increase of the nominal aspect ratio is seen to be 
correlated to an increase of the creep strength. The nominal 
fibre lengths are comparable to the gau<"» length L-45 mm. 
However, the effect of increasing the gauge length to 
L=100 mm appears to be fairly insignificant. Inspection of 
the fibres of a few specimens after dissolution of the 
matrix (see Table I) showed that some of the notches had 
not been broken. These specimens consequently contained 
fibres of aspect ratios which were 2, 3, or even 4 times as 
great as the nominal value. In some cases such a fibre actual 
ly was as long as the specimen. Further examination of the 
crept specimens is therefore needed, before a final inter-
pretation of the results can be given. From the preliminary 
examination of the specimens listed in Table I an average 
spects ratio has been calculated on the basis of the nomi-
nal aspect ratio and the number of unbroken notches. The 
values obtained are given in Table I and by comparing with 
a 
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Fig. 1 it can be seen that an increase of the average ratio 
corresponds to an increase of the creep strength. Part of the 
scatter in fig. 1 therefore appears to result from the pre-
sence of unbroken notches. 
Table I. Number of fibres, in crept composites, containing N notches 
Specimen Number of Notches, N Average 
Number 0 1 2 3 Aspect Ratio 
1 30 10 2 - 32 
2 28 6 - 1 30 
4 23 6 2 1 34 
7 21 70 
10 19 1 73 
16 17 3 3 98 
Discussion 
The few matrix points in Fig. 1 indicate a comparatively 
low stress sensitivity for the matrix creep, and the points 
for the composite indicate a rather high stress sensitivity 
for the composite creep. Previous predictions (1,8) of the 
creep strength of discontinuous fibre composites have been 
made from matrix creep data at the same creep-rate as mea-
sured for the composite. This implies the same stress sen-
sitivity for the matrix and the composite. The experimen-
tally observed stress sensitivity may, however,be understood 
on the basis of the BBL analysis. The essential features of 
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this analysis can be demonstrated by outlining the reformu-
lation of McLean's model to comprise a general matrix creep 
law, rather than merely a power law. 
McLean considered an aligned composite subjected to a 
tensile stress in the direction of the non-creeping fibres 
(or plates). From a geometrical argument he established the 
relation 
T = t J- . (1) 
c ^ s 
He equated the rate of work done on the composite to the 
rate of (average) energy dissipation in the matrix, and 
found 
a i - 7 Y V . :2) 
c c m 
By combining eqs. 1 ana 2 with a power law for creep of 
the matrix he finally obtained an expression for the creep 
strength of the composite. 
In the BBL modification of McLean's approach eqs. 1 and 
2 are recast as 
log £r: - iog (-J v) + log (—•) (3) 
and 
log oc • log (2 T) + log (-jj^ ) , 14.) 
respectively. In a simple unaxial tensile creep test of the 
pure matrix material the conversion relations between shear 
o 
values and tensile values are o • 2 x and t = -«• Y • 
The eqs. 3 and 4 therefore suggest that in a log t versus 
l°g °c diagram the curve for creep of the composite may 
be obtained by a simple displacement of the curve for creep 
of the unreinforced matrix material. The displacement vector 
has components log (3s/£ ) along the creep-rate axis and log 
_ 71 . 
(V t/4s) along the stress axis. In practice, the stress com-
ponent of the displacement vector is always positive, and 
the creep rate component always negative ( — >> I ). 
The transition from a power law to an exponential law should 
therefore occur at a lower creep-rate (and higher stress) 
for the composite than for the unreinforced matrix material. 
This provides an explanation for the high stress sensitivi-
ties observed in the experiments reported on silver-tung-
sten - and copper-tungsten composites. 
The eqs. 3 and 4 may be expressed by a single equation 
m 
when the matrix creep law is introduced in the general form 
o = f (t) . (6) 
Similarly, the BBL analysis of Kelly and Street's model 
suggests the following composite creep law: 
where a , in Kelly and Street's formulation, is givren by 
a -. i { ( i_miv f r* -1} . CM 
In the analysis of Kelly and Street's model it was assumed 
that the matrix creep law, f, could be approximated by a 
p»wer law at lower stresses and by an exponential law at 
higher stresses. 
Eq. 7 (and 5) suggests a systematic method of handling 
composite creep data, which in Kelly and Street's formulation 
implies the plotting of log ( fcc p / 3 e5 a ) versus log 
(2 o /p Vf ). Such a plot has been constructed from the 
data in Fig. 1, using the nominal values of p and Vf. 
Within the scatter, the results for the matrix are seen to 
nearly coincide with those for the composites with nomi-
i»H»! 
C) 
(•») 
41 o • I 
;Q -- o 
10 '. 
10 
i - i . 
20 30 
^ ' *
 m
" 
.1 i 
40, 50 
Z. The experimental results from Fig. 1 replotted according 
to the BBL analysis (see the text for details). The 
symbols used for the data points are defined in Fig. 1 
nal aspect ratio P„om =70 , in good agreement with the 
theoretical prediction. The experimental points referring 
to the composites with Pnom = 25 tend to lie to the right 
of the others. However, a complete examination of the 
actual geometry of all the crept composites is clearly 
needed, and this, together with the inclusion of additional 
experimental points, may change the picture somewhat. 
Conclusions 
Measurements of the steady-state creep of pure copper and 
discontinuous copper-tungsten fibre composites have indicated 
that the stress sensitivity for the composites is higher than 
for the pure copper at comparable creep-rates. 
The experimentally observed stress sensitivity may be 
understood on the basis of an analysis of existing creep 
models. 
The agreeme.it between a quantitative prediction of this 
analysis and the experimental results is promising. 
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Nomenclature 
ct geometrical parameter 
t tensile creep-rate 
i tensile creep-rate of composite 
Y shear creep-rate 
Y average value of shear creep-rate 
L specimen gauge length 
I length of fibres 
o aspect ratio of fibres 
o nominal value of 
Hnom 
s spacing between fibres (or plates) 
a tensile stress 
a tensile stress applied to the composite 
T shear stress 
7 average value of shear stress 
Vf volume fraction of fibres 
Y volume fraction of matrix 
m 
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